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Tato dizertační práce vznikla jako součást podrobného výzkumu v oblasti 
acyklických nukleosidfosfonátů ve skupině Chemie nukleových kyselin (prof. A. 
Holý) a později ve skupině Cílených analogů komponent nukleových kyselin (Dr. Z. 
Janeba) na Ústavu organické chemie a biochemie, Akademie věd České republiky. 
Byla vyvinuta metodika přípravy tří nových typů acyklických nukleosidfosfonátů 
(ANF), v prvé řadě karboxyfosfonoethoxymethyl (CPME), dále pak karboxyfosfono- 
ethoxyethyl (CPEE) a hydroxyfosfonoethoxypropyl (HPEP) derivátů s cílem 
studovat jejich biologické vlastnosti. 
CPME deriváty byly navrženy na základě strukturní podobnosti s PMEA (9-[2-
(fosfonomethoxy)ethyl]adenin, Adefovir) a (S)-HPMPA [(S)-9-(3-hydroxy-2-
(fosfonomethoxy)propyl)adenine], tedy látkami s mimořádně vysokým protivirovým 
účinkem. Klíčovým krokem v jejich syntéze byla oxidace primární hydroxylové 
skupiny prekurzorů v řadě HPMP pomocí systému TEMPO/chloritan sodný/chlornan 
sodný. Jako velmi slibný analog s potenciální protivirovou (HIV) aktivitou se  
na základě počítačového modelování jevila sloučenina (S)-CPMEA [(S)-3-(adenin-9-
yl)-2-(fosfonomethoxy)propanová kyselina)], 2‘-karboxy analog PMEA. I když se 
nakonec tato polární látka ukázala jako biologicky neaktivní, její dvě proléčiva 
vykazovala aktivitu proti viru hepatitidy C v submikromolárním měřítku. Připravená 
proléčiva (S)-CPMEA vykazovala rovněž slabou inhibici adenylátcyklázového 
toxinu bakterie Bordetella pertussis.  
Další strategie syntézy CPME, CPEE a HPEP derivátů byla založena na tzv. 
synthonovém přístupu. V tomto případě bylo nutné připravit z výchozího 
tritylglycidolu meziprodukt obsahující fosfonátovou a hydroxymethyl/karboxylovou 
funkci a připojit jej následně pomocí Mitsunobuovy reakce k příslušné nukleobázi. 
Tento přístup byl využit zejména při syntéze ANF obsahujících 6-oxopurinové báze, 
cílených jako inhibitory plasmodiových fosforibosyltransferáz. Byla připravena  
a otestována série hypoxanthinových a guaninových derivátů, z nichž CPME byly 
zcela neaktivní, nicméně CPEE a HPEP deriváty vykazovaly účinnou inhibici 
lidského a plasmodiových enzymů. Výsledky tohoto studia ovšem naznačují, že pro 
vylepšení aktivity a/nebo selektivity mezi lidským a parazitickým enzymem bude 
zapotřebí dále modifikovat fosfonátový řetězec. 
Dále byly připraveny HPEP monomery nesoucí adenin, thymin, cytosin a guanin 
pro syntézu modelových oligonukleotidů (nonamerů) sloužících ke studiu teplotní 




Abstract      
This Ph.D. thesis is a part of detailed SAR studies among acyclic nucleoside 
phosphonates carried out in the group of the Nucleic acid chemistry (Prof. A. Holý) 
and later in the group of the Targeted analogues of nucleic acid components (Dr. Z. 
Janeba) at the IOCB AS CR, v.v.i. Three novel series of acyclic nucleoside 
phosphonates, namely carboxyphosphonomethoxyethyl (CPME), carboxyphos- 
phonoethoxyethyl (CPEE) and hydroxyphosphonoethoxypropyl (HPEP) derivatives 
were prepared in order to reveal their biological properties. 
The CPME compounds were designed as structural analogues of PMEA (9-[2-
(phosphonomethoxy)ethyl]adenine, Adefovir) and (S)-HPMPA [(S)-9-(3-hydroxy-2-
(phosphonomethoxypropyl)adenine], well-known compounds with prominent 
antiviral effects. The key step in their synthesis was oxidation of primary hydroxyl 
group in HPMP precursors using TEMPO/sodium chlorite/sodium hypochlorite 
system. The initial docking studies indicated that (S)-CPMEA [(S)-3-(adenin-9-yl)-2-
(phosphonomethoxy)propanoic acid)], 2‘-carboxy analogue of PMEA, could be a 
candidate with promising anti-HIV activity. Although this compound did not show 
desired biological activity, its two prodrugs exhibited submicromolar anti-HCV 
activity. Prepared prodrugs of (S)-CPMEA were also shown to be weak inhibitors of 
adenylate cyclase toxin of bacteria Bordetella pertussis. 
Another strategy of synthesis of CPME, CPEE and HPEP derivatives was based 
on the synthon approach. Starting from tritylglycidol, it was necessary to prepare 
convenient intermediates containing phosphonate and hydroxymethyl/carboxylic 
moieties and attach them subsequently to the corresponding nucleobase via 
Mitsunobu reaction. This approach was used particularly for the synthesis of 6-
oxopurine ANPs designed as inhibitors of plasmodial phosphoribosyltransferases. 
Series of hypoxanthine and guanine based compounds were prepared and tested. 
While CPME derivatives revealed no activity, CPEE and HPEP derivatives exhibited 
potent inhibitory effects on both human and plasmodial enzymes. However, the final 
results suggested that further modifications of the phosphonate linker may be 
necessary to achieve higher activity and/or better selectivity between the human and 
parasitic enzymes. 
Furthermore, a novel series of HPEP monomers bearing adenine, cytosine, 
guanine and thymine was prepared for the subsequent synthesis of model 
oligonucleotides (nonamers). The nonamers were used for the study of thermal 
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1.1. Nucleic acid components as potent therapeutics 
1.1.1. Nucleoside analogs 
Purine and pyrimidine nucleotides are basic keystones of nucleic acids. These 
essential nucleic acids components play an important role not only in replication of 
hereditary information but they participate in many important regulatory processes in 
living systems. Their chemical modification leads to analogues of nucleic acid 
components that are able to influence basic life processes in cell or life cycle of cell 
parazites. This fact is commonly exploited for design of potential antibiotics, 
antivirotics, cytostatics and antiprotozoan agents. 
The first generation of analogues of nucleic acid components is based on the 
principle of maximum resemblance to the natural metabolite which implies that 
active centre of the corresponding enzyme (with which the compound interacts) is 
not conformationally altered. This first generation includes important cures for 
leukemia such as cytarabine 1
1
 (araC, FDA approved in 1969, Fig. 1) which is still 
used in the therapy of acute myeloid leukemia, and vidarabine 2
2
 (araA, FDA 




Figure 1. Nucleoside analogues containing arabinose as the sugar part. 
 
Modified nucleobases were among the first of the nucleic acid components used 
in clinical arena. Pyrimidine as well as purine analogues have been utilized in 
oncology for more than sixty years. 5-Fluorouracil (5-FU, Fig. 2) 33 represents the most 




colorectal carcinomas. Capecitabine 4
4
 (Fig. 2), a less toxic prodrug of 5-FU, is 
nowadays widely used in the treatment of colorectal and breast cancer. The 
noticeable examples of altered nucleobases with antimetabolic properties used in 
therapeutic practices are thioanalogues of purine - thiopurine 5
5
 (Fig. 2), thioguanine 
6
5
 (used for the treatment of acute leukemias, chronic myelogenous leukemia, 
inflammatory bowel disease, Fig. 2) and azathioprine 76 (Fig. 2) used in 
transplantology and for treatment of autoimmune diseases due to its immunosuppressive 
properties. 
 
Figure 2. Modified nucleobases used in clinical practice. 
 
Replacement of the methyl group of thymidine led to the novel class of modified 
nucleosides with significant antiviral activity. The oldest of them, 5-iodo-2’-
deoxyuridine 8
7
 (idoxuridine, IUDR, Fig. 3), is used topically to treat herpes simplex 
keratitis. Structurally related to idoxuridine is 5-trifluoromethyl-2’-deoxyuridine 9
8
 
(trifluridine, TFT, Fig. 3), used topically as eyedrops or ophthalmic cream for 
treatment HSV keratitis. Others include edoxudine 10
9
 (Fig. 3) with extraordinary 
activity against HSV and brivudine (BVDU) 11
8b,10
 (Fig. 3) utilized as antivirotic 
against HSV (type 1), VZV and some other herpesviruses. 
 





Zidovudine 1211 (AZT, ZDV, first reported in 1964, FDA approved in 1987, Fig. 
4) belongs among antimetabolites of the first generation, as well. This compound was 
the first breakthrough in HIV/AIDS therapy due to its ability to significantly reduce 
replication of the virus leading to clinical and immunological improvements.
12
 Other 
antiretroviral nucleosides were also introduced as an answer to the uprising epidemic 
of HIV in the 80s
13
 – namely stavudine 13
14
 (d4T, first reported in 1966, FDA 
approved in 1994, Fig. 4), zalcitabine 14
15
 (ddC, first reported in 1967, FDA 
approved in 1992, Fig. 4) and didanosine 15
16
 (ddI, first reported in 1964, FDA 
approved in 1991, Fig. 4).  
 
Figure 4. Antiretroviral nucleosides used in clinical practice. 
 
Effect of these nucleosides is based on their incorporation into the growing chain 
of nucleic acid followed by chain termination. As chain terminators act also sugar 
modified nucleosides containing L-thioxolane ring – particularly lamivudine 16
17
 
(3TC, first reported in 1988, FDA approved in 1995 as a combination drug with 
zidovudine, Fig. 5) and emtricitabine 17
18
 (FTC, FDA approved in 2003, Fig. 5) used 
for treatment of HIV and HBV infections. 
 
Figure 5. Examples of nucleoside reverse transcriptase inhibitors. 
 
Applicability of modified nucleosides as antivirals is by far not limited to therapy 
for HSV and HIV infections. Viruses such as respiratory syncytital virus (RSV) or 
hepatitis C virus (HCV) are commonly treated with ribavirin 18
19
 (FDA approved in 






, Fig. 6). Taribavirin 19
21
 (Viramidine, Fig. 6) is a prodrug of 
ribavirin currently in Phase III human trials for treatment of chronic hepatitis C. 
 
Figure 6. Ribavirin and its prodrug taribavirin. 
    
Unfortunately, antimetabolites of the first generation are usually catabolically 
unstable. One of the possible solutions to overcome this problem consists in 
replacement of the hemiacetal bond between sugar and heterocycle. In this manner 
more enzymatically stable bond is formed. Examples of this phenomenon are 
modified nucleosides of natural origin – namely pseudouridine 20
22
 (C-nucleoside 
occurring in various types of RNA, Fig. 7) and aristeromycin 21
23
 (carbocyclic 
nucleoside antibiotic, Fig. 7). 
 
Figure 7. Examples of C-nucleoside and carbocyclic nucleoside. 
 
1.1.2. Acyclic analogues of nucleosides 
The second generation of nucleoside analogues does not rely on the maximum 
structural resemblance to the natural metabolite. Its concept consists in the ability of 
the analogue to form numerous conformations so that some of them could lead to a 
stable complex with an enzyme. The requirement is adaptability both of the 
antimetabolite and of the active centre of the enzyme so that formed ES-complex 




The new wave of interest in the development of novel nucleoside antimetabolites 
was initiated by the discovery of acyclovir 22
24
 in 1974 (FDA approved in 1982, Fig. 
8) as the anti-HSV agent.  Its derivative ganciclovir 23
25
 (FDA approved in 1994, 
Fig. 8) is used for treatment of human cytomegalovirus (HCMV) infections and its 
carba-analogue penciclovir 24
26
 (Fig. 8) exhibits potent activity against HSV-1 and  
HSV-2, varicella-zoster virus (VZV) and Epstein-Baar virus (EBV). Penciclovir is 
also used in the form of its prodrug with improved oral bioavailability called 
famciclovir 25
27
 (FDA approved in 2007, Fig. 8). 
 
Figure 8. Acyclovir and related antiviral drugs used in clinical practice. 
 
In 1978, four years after the discovery of acyclovir, De Clercq, Holý et al. 
reported (S)-DHPA 26
28
 [(S)-9-(2,3-dihydroxypropyl)adenine, Fig. 9] as an acyclic 
nucleoside with broad-spectrum antiviral activity against a number of RNA and 
DNA viruses. In comparison with acyclovir, the “gold standard” used for treatment 
of HSV-1 and HSV-2 infections, (S)-DHPA had only a limited appearance on the 
market in former Czechoslovakia (as Duvira gel) for treatment of herpes labialis 
(cold sores). (S)-DHPA, and several structurally related aliphatic nucleoside 
analogues, owe their antiviral activity due to an ability to inhibit S-adenosyl-L-
homocysteine (SAH) hydrolase
29





Figure 9. Structure of (S)-DHPA [(S)-9-(2,3-dihydroxypropyl)adenine] 
 
1.1.3. Acyclic nucleoside phosphonates (ANPs) 
This type of compounds was originally developed by A. Holý and I. Rosenberg 
(IOCB, Czech Republic) in cooperation with the team of E. De Clercq (KU Leuven, 
Belgium). Unlike natural nucleotides, ANPs contain a phosphonomethoxy group 
which is isopolar and bioisosteric with the phosphate group of nucleoside 
monophosphates but differs in its higher enzymatic stability. Another important 
feature is their ability to usually undergo enzymatic phosphorylation which converts 
them into the corresponding phosphonate diphosphates, analogues of the natural 
nucleoside triphosphates. Nucleoside phosphonate diphosphates then act as 
substrates and/or inhibitors for various enzymes. 
Their concept was born in 1986 with the identification of the ANP prototype, (S)-
HPMPA 27
30
 [(S)-9-(3-hydroxy-2-(phosphonomethoxy)propyl)adenine, Fig. 10], 
possessing broad-spectrum activity against DNA viruses including herpes-, adeno-, 
pox-, papova- and iridoviruses, as well as against retroviruses. HPMPA itself could 
be conceived as a kind of a construct resulting from the replacement of the 
carboxylate group of phosphonoacetic acid [PAA, the predecessor of the antiviral 
agent phosphonoformic acid (foscarnet, Foscavir)] by the acyclic nucleoside 
analogue DHPA (part 1.1.2.). Its 3’-O-phosphonomethyl regioisomer (iso-HPMPA) 
28
31
 (Fig. 10) exhibits no antiviral activity.
30
  
Replacement of the 3’-hydroxyl group of HPMPA by fluorine results in FPMPA 
29
32
 [9-(3-fluoro-2-(phosphonomethoxy)propyl)adenine, Fig. 10]. The (S)-isomer has 
been further evaluated for its efficacy against FIV in cats.
33
 FPMPA proved to be less 





Figure 10. (S)-HPMPA and related analogues. 
 
The fact that three ANPs are currently on the market as active components of 
commonly used antivirals implies their essential influence on human health. First of 
them, PMEA 30
34
 [9-(2-(phosphonomethoxy)ethyl)adenine, adefovir, Fig. 11], was 
reported simultaneously with HPMPA in 1986 as an antiviral agent.
30
 This 
compound in its bis(pivaloyloxymethyl) prodrug form [bis(POM)PMEA] was 
approved by FDA in 2002 for the treatment of chronic hepatitis B under the trade 
name of Hepsera.  
The anti-HIV properties of (R)-PMPA 31
34
 ((R)-9-[2-(phosphonomethoxy) 
propyl]adenine, tenofovir, Fig. 11) were firstly described in 1993.
35
 Like adefovir, 
tenofovir is not sufficiently bioavailable by the oral route. Thus, an oral prodrug has 
been developed, specifically tenofovir disoproxil [bis(isopropyloxycarbonyl- 
oxymethyl) ester of PMPA, or bis(POC)PMPA], which has been formulated as its 
salt, tenofovir disoproxil fumarate (TDF) or Viread. Viread was approved in 2001 for 
the treatment of HIV infections and in 2008 for the treatment of HBV. Viread is 
highly active against viral reverse transcriptase and is currently used in combinations 
with other virostatics (Truvada, Atripla, Complera/Eviplera, and Stribild).  
The antiviral potential of (S)-HPMPC 32
34
 ((S)-9-[3-hydroxy-(2-phosphono- 
methoxy)propyl]cytosine, cidofovir, Fig. 11) was first reported by De Clercq et al.
36
 
Cidofovir exhibits an antiviral activity against many DNA viruses and was formally 
licensed in 1996 for clinical use, under the trade name of Vistide, for the treatment of 





Figure 11. Three ANPs approved worldwide for clinical use. 
 
Many other ANPs were found to reveal important antiviral properties, e.g. 
derivatives of 2,6-diaminopurine (HPMPDAP, PMEDAP, PMPDAP)
34c
 and “open 





 due to their poor bioavailability, all ANPs have to be 
administered in the form of their prodrugs (or by injection in the case of cidofovir).
39























1.2. Medicinal chemistry of nucleoside and nucleotide 
analogues containing a carboxylic group 
1.2.1. Alkylated purine and pyrimidine derivatives 
1.2.1.1. Derivatives of AHPA and related compounds 
The carboxylic group plays an important role in medicinal chemistry in general. 
An oxidation of hydroxymethylene to carboxylic function has a strong impact on the 
physical, chemical and biological properties of bioactive compounds. Nucleoside 
analogues bearing carboxylic group are also important intermediates in synthesis of 
various biologically active compounds. 
(S)-3-(Adenine-9-yl)-2-hydroxypropanoic acid 33
40
 [(S)-AHPA, Fig. 12] belongs 
among important nucleoside analogues structurally related to (S)-DHPA (part 1.1.2, 
Fig. 9). (S)-AHPA and its alkyl esters exhibit broad-spectrum antiviral activity 
(including vesicular stomatitis, vaccinia, reo, parainfluenza and measles viruses). 
These compounds are apparently targeted at S-adenosyl-L-homocystein hydrolase 
(SAH),
41
 a key enzyme for the regulation of capping process (methylation of 5’-end-




Figure 12. (S)-AHPA and related analogues. 
 
As shown in Fig. 13, SAH hydrolase inhibitors block the cleavage of  
S-adenosylhomocysteine into two components, homocysteine (Hcy) and adenosine 
(Ado), which itself can be further metabolized into AMP, adenine and inosine. As a 
consequence of the SAH hydrolase inhibition, SAH accumulates and leads to an 
inhibition of the SAM-dependent methylation reactions, including those that are 
required for the maturation (i.e., 5’-capping) of viral mRNAs. Thus, maturation of 
viral mRNAs is suppressed, and so is the production of progeny virus particles.
29







Mechanism of action of adenosine based inhibitors of SAH hydrolase.
29 
 
(S)- and (R)-AHPA were originally prepared by two-step oxidation of 5-(adenine-
9-yl)-5-deoxyaldofuranoses; first step is oxidation of 1,2-diol moiety with sodium 
periodate, followed by conversion of the intermediate aldehyde to the desired 
carboxylic acid using sodium periodate in the presence of ruthenium catalyst.
43
 Due 
to the high biological importance of the compound 33 and its derivatives it was 
desirable to develop a new synthetic approach (Scheme 1). The first step includes 
condensation of bromoacetaldehyde diethylacetal with sodium salt of adenine 36 (or 
adenine in the presence of potassium carbonate) in DMF at elevated temperature to 
yield acetal 37. The free aldehyde, obtained by treatment of 37 with diluted aqueous 
acids, is treated with an excess of alkali metal cyanide to give the corresponding 




Scheme 1. Synthesis of racemic AHPA 38. Reaction conditions:  
i) BrCH2CH(OEt)2, DMF, elevated temperature; ii) 1. HCl; 2. KCN; 3. HCl. 
 
Eritadenine may be considered a homologous compound to AHPA. Natural  
D-eritadenine 34 [(2R,3R)-4-(adenin-9-yl)-2,3-dihydroxybutanoic acid, Fig. 12] is 
also an exceptionally potent inhibitor of SAH hydrolase.
45




isolated from the edible Japanese mushroom Lentinus edodes shiitake
46
 and exhibits 
a strong hypocholesterolemic effect.
47
 Stereospecific synthesis of both erythro-
derivatives 34 and 35 (Fig. 12) starts from 5-(adenin-9-yl)-5-deoxy-D-ribofuranose, -
L or -D-arabinofuranose. Oxidation of these compounds in alkaline medium gives, 
among other products, compounds 34 or 35. The yield of this reaction is low and 
isolation of the desired product is difficult. More efficient alternative method for 
preparation of erythro-isomers 34 and 35 is based on the condensation of sodium salt 
of adenine with 2,3-O-substituted erythronolactone. This synthetic approach requires 
a multiple-step preparation of the starting material, but purification of the products is 
much easier.
45
 In contrast to the neutral open chain analogues which are reversible 




Although D-eritadenine is a much more potent inhibitor of SAH hydrolase than 
(S)-DHPA, it is not as active as an antiviral agent.
42
 An explanation of this fact could 
be in its difficult penetration into cells caused by high polarity of the carboxyl 
moiety. This problem can be overcome by esterification of the carboxyl group and, 
truly, the methyl ester of D-eritadenine revealed more potent antiviral activity 
compared to the parent compound.
40b
 With regard to the complicated large-scale 
synthesis of esters of D-eritadenine, it appeared much simpler to prepare alkyl esters 
of racemic 3-adenin-9-yl-2-hydroxypropanoic acid. From the racemic AHPA,
44
 a 
series of esters were prepared by an acid-catalyzed esterification with excess of the 
corresponding alcohol or esterification mediated by N,N’-dicyclohexylcarbodiimide 
activation of the acid.
40a
 Most alkyl esters exhibited either similar or slightly more 
potent antiviral activity compared to that of (RS)- or (S)-DHPA.
40a
 These compounds 
are also poor inhibitors of SAH hydrolase.
40b
  
As mentioned above, the previous synthesis of pure (R)- and (S)-enantiomers of 
AHPA was complicated by difficult purification and low yields of the products. 
Krečmerová et al.
48
 developed simple and effective synthesis of pure enantiomers of 
AHPA starting from ethyl (R)- or (S)-oxiranecarboxylate. These chiral three-carbon 
atom synthons are commercially available. Nucleophilic opening of the oxirane ring 
with various nucleobases under basic conditions gave corresponding α-hydroxy 





Scheme 2. General synthesis of enantiomeric AHPA esters and their analogues. 
 
Surprisingly, during the reaction of ethyl (R)- or (S)-oxiranecarboxylate with 
some nucleobasis (e.g. adenine) a partial racemization was observed. The extent of 
racemization depends on the character of the heterocyclic base. In contrast to 
adenine, analogous reaction with 6-chloropurine afforded optically pure products. As 
all attempts with adenine to prepare the optically pure product failed, N
6
-
benzoyladenine was used for the reaction with ethyl (R)- or (S)-oxiranecarboxylate to 
give the desired product without racemization.
48
 
Synthesis of the N
6
-derivatives of racemic AHPA was described by Doláková  
et al.
49
 These compounds were prepared under the conditions used for the original 
preparation of AHPA.
44
 SAR study of these compounds contributed to clarifation of 
the mechanism of AHPA antiviral action.
50
  
Replacement of the 2’-hydroxy group by amino function resulted in the 
willardiine analogues. Willardiine 39 [(S)-2-amino-3-(2,4-dioxo-3,4-dihydro- 
pyrimidin-1(2H)-yl)propanoic acid, Fig. 14] is a naturally occurring non-protein 
amino acid found in seeds of Acacia and Mimosa
51
 and act as an AMPA receptor 
agonist while its 5-iodo derivative 40 (Fig. 14) is a selective kainate receptor 
agonist.
52
   
 







 reported synthesis of N
3
-substituted willardiine analogues bearing 
carboxylic moiety in a side chain and some of them had been shown to be potent 




-Substituted willardiine analogues. 
 
Some of the willardiine analogues bearing purine nucleobases were described by 
Nollet et al.
53
 Their synthesis is based on either Michael addition of the purine 
derivative to the α-chloroacrylate, followed by hydrolysis and amination or 
alkylation of the nucleobase with bromoacetaldehyde diethyl acetal, followed by 
hydrolysis to the free aldehyde and conversion into the 2-aminopropanoic acid by 
Strecker synthesis.
50
 The second approach was used by Doláková et al.
49,50
 for 
preparation of (RS)-2-amino-3-(purin-9-yl)propanoic acid derivatives bearing purines 
substituted at positions 2 and 6 (Scheme 3). 
 
Scheme 3. Synthesis of willardiine analogues with purine bases. Reaction conditions: 
i) 1. HCl; 2. KCN, NH4OH, NH4Cl; 3. HCl. 
 
These compounds were tested for their immunomodulatory and 
immunostimulatory potency. Some of them revealed immunobiological activity but 
none of them showed any interesting antiviral activity.
50





1.2.2. Nucleosides bearing carboxylic group at the nucleobase 
1.2.2.1. Nucleosides and nucleotides derived from orotidine 
Orotidine 41 (Fig. 16), or 6-carboxyuridine, is a nucleoside bearing orotic acid as 
a nucleobase and its derivatives play an important role in medicinal chemistry. 
Orotidine was originally isolated from mutants of the fungus Neurospora crassa.
54
 In 
the form of its 5’-phosphate (orotidylic acid), it occurs as an intermediate in the 
synthesis of pyrimidine nucleotides: by the action of orotidylate decarboxylase, 
orotidine 5’-phosphate is converted to uridine 5’-phosphate.
55
 An orotidine 
regioisomer, 5-carboxyuridine 42 (Fig. 16) was described as a by-product of the 
oxidation of 5-hydroxymethyluridine.
56
 An efficient synthesis of 5-
ethoxycarbonyluridine 43 (Fig. 16) based on building of nucleobase from malonic 
ethyl ester chloride was developed by A. Holý.
55
 Its phosphorylation gave the 
corresponding 5’-phosphate which was converted to the 5-carboxyuridine-5’-
phosphate. These nucleotides represent good substrates for nonspecific 
phosphomonoesterases. 5-Ethoxycarbonyluridine-5’-phosphate is a good substrate 
for snake venom (Crotalus terrificus terrificus) 5’-nucleotidase, pancreatic 





Figure 16. Orotidine 41 and its analogues. 
  
1.2.3. Nucleoside-4’-carboxylic acids 
Oxidation of the 5’-hydroxymethylene moiety of nucleosides to the 4’-carboxyl 
group is the key step in the preparation of a number of biologically active 
compounds.
57
 There are several methods describing general preparation of such 




1.2.3.1. Oxidation of the 5’-hydroxymethylene group using molecular oxygen 
and platinum catalyst 
This method was applied for the oxidation of 5’-hydroxymethylene of the 
unprotected nucleosides
56,58
, but it afforded relatively low yields in the case of 2’,3’-
isopropylidene-protected nucleosides.
59
 Nevertheless, this reaction was used for the 
preparation of many important intermediates in synthesis of number of biologically 
active compounds.
60-63
 Thomas et al.
64
 applied this method for the synthesis of 
ribofuronic acid derivatives 46 and 47 from 2’-deoxyuridine 44 and 5-fluoro-2’-
deoxyuridine 45, respectively (Scheme 4). 
 
Scheme 4. Reaction conditions: i) freshly reduced PtO2, O2, aqueous NaHCO3,  
70 °C, 25-33 h. 
 
1.2.3.2. Oxidation of the 5’-hydroxymethylene group using potassium 
permanganate 
This methodology usually requires strongly alkaline reaction conditions, thus, 
limiting its use only for purine-containing nucleosides.
65
 Transformation of the 
nucleosides to the corresponding to 2’,3’-isopropylidene derivatives is also necessary 
before the oxidative step. Typical procedure using potassium permanganate was 
described by Hutchison et al.
65b
 The starting nucleoside 48 was protected by 
treatment with 2,2-dimethoxypropane to give the protected intermediate 49 which 





Scheme 5. Reaction conditions: i) 2,2-dimethoxypropane, acetone, camphorsulfonic 
acid , 16 h, yield 58%; ii) KMnO4, KOH, water, 3 days, yield 74%. 
 
An alternative oxidation using KMnO4/AcOH has several advantages in the 
preparation of adenosine-5’-ribouronic acids over the alkaline permanganate method, 
namely lower excess of KMnO4 and shorter reaction time. However, both methods 





1.2.3.3. Oxidation of the 5’-hydroxymethylene group using chromium (VI) 
oxide 
An approach employing CrO3/AcOH was successfully used for synthesis of N
6
-
substituted adenosine-5’-uronic acids, where oxidation with KMnO4/KOH is not 




 These compounds are analogs 
of NECA (N-ethyl-1’-deoxy-1’-(6-amino-9H-purin-9-yl)-β-ribofuranuronamide), the 




Oxidation with Jones’ reagent (solution of chromium (VI) oxide in dilute sulfuric 
acid and acetone) was used by Mackman et al.
67
 for the preparation of a key 
intermediate in the synthesis of GS-9148 51 (Fig. 17) and its prodrugs. 
 





Nucleoside phosphonate 51 [5-(6-aminopurin-9-yl)-4-fluoro-2,5-dihydrofuran-2-
yloxymethyl]phosphonic acid, is a HIV-1 reverse trancriptase (RT) inhibitor with an 
exceptional resistance profile toward N(t)RTI resistance mutations.
67
 The key 
oxidation step in the synthesis of GS-9148 is depicted in Scheme 6. 
 
Scheme 6. Reaction conditions: i) Jones' reagent, aceton, Celite545, 0 °C - r.t., 14 h, 
yield 67%. 
 
1.2.3.4. Oxidation of the 5’-hydroxymethylene group using ruthenium 
tetraoxide 
Ruthenium tetroxide was introduced by Djerassi and Engle as an oxidant in 
organic synthesis in 1953.
68
 This agent was successfully used for oxidative 
transformations of many organic compounds.
69
 It’s usually generated in situ from 
ruthenium trichloride employing sodium periodate as a co-oxidant under Sharpless 
conditions.
70
 This non-alkaline method was used to obtain the 4’-carboxylic acids of 
2’,3’-isopropylidene-protected purine nucleosides in almost quantitative yields.
71
 The 
typical procedure is shown in Scheme 7. 
 
Scheme 7. Reaction conditions: i) NaIO4, RuCl3.3H2O in CH3CN/CCl4/H2O 
(1:1:1.5), r.t., quantitative yield. 
 
Unfortunately, this methodology has only limited application among purines and 




decomposition of the nucleoside base.
71
 Extension of ruthenium trichloride-mediated 
oxidation to 2’,3’-protected nucleosides bearing pyrimidine nucleobases requires use 
of both alkaline conditions and potassium persulfate.
72
 This method usually affords 
4’-carboxylic acid derivatives in good yields. The oxidation of AZT 56 (1- 
[(2R,4S,5S)-4-azido-5-(hydroxymethyl)oxolan-2-yl]-5-methylpyrimidine-2,4-dione) 





Scheme 8. Reaction conditions: i) K2S2O8, RuCl3.3H2O, KOH (1 M in water), r.t.,  
3 h, yield 80%. 
 
Oxidation using RuCl3 and potassium persulfate under alkaline conditions was 
also used by Shakya et al.
73
 for the synthesis of a new class of antiviral agents, 
namely dideoxy pyrimidine nucleosides bearing the 4’-carboxyl group. These 
nucleosides were shown to be inhibitors of HBV and HCV replication. Among these 
compounds, 3’,4’-didehydrothymidine derivative 59 (Scheme 9) was the most potent 
analogue against DHBV, HBV and HCV.
73 
In this special case, the oxidation of the 
5’-hydroxymethylene group of compound 58 was accompanied by β-elimination of 
fluorine at the 3’-position (Scheme 9). 
 






Both methods employing ruthenium tetroxide were used by Debnath et al.
74
 for 
oxidation of 5’-hydroxymethylene group of protected adenosine (RuCl3, NaIO4) and 
thymidine (RuCl3, K2S2O8, KOH) (deoxy)nucleosides. The prepared carboxyl 
derivatives revealed interesting inhibitory activity on ribonuclease A (RNase A). 
As mentioned above, purine nucleoside-4’-carboxylic acids have been used as key 
intermediates in the preparation of esters, thioesters, amides and other derivatives 
possessing significant pharmacological activities. For example, esters and amides of 
adenosine-4’-carboxylic acids are effective coronary
75
 and renal vasodilatators.
76
 2-
(1-Hexyn-1-yl)adenosine-5’-N-cyclopropyluronamide 64 (Scheme 10) with potent 
activity on the A2 receptor and 2-(1-hexyn-1-yl)adenosine-5’-N-methyluronamide 65 
(Scheme 10) as the most selective agonist for the A2 receptor belong to this class of 
compounds. Selective A2 receptor agonists possess a potential for the treatment of 
cardiovascular diseases with minimized toxic effects.
77
 Both adenosine-5’-
uronamides 64 and 65 were synthetized by Homma et al.
77
 The key synthetic step 
was the oxidation of the 5’-hydroxymethylene group with ruthenium tetroxide, 
prepared from RuO2 and NaIO4 in a mixture of CH3CN, CHCl3 and H2O (1:1:2). The 
reaction afforded the desired carboxylic acid intermediate 62 in a good yield 
(Scheme 10). The iodo group at the C-2 position was not found to be oxidized during 
the procedure, unlike the oxidation using KMnO4 in aqueous alkaline solution giving 
a complex reaction mixture due to the oxidation of the 2-iodo group.
77
 




CHCl3 and H2O (1:1:2), r.t., yield 68%; iii) SOCl2 in MeOH, iv) hex-1-yn, 
(Ph3P)2PdCl2, CuI, Et3N in DMF; v) RNH2 in MeOH; vi) 80% aqueous CF3COOH. 
 
1.2.3.5. Oxidation of the 5’-hydroxymethylene group using TEMPO/BAIB 
system 
Nitroxyl radical catalyzed oxidations of alcohols play a significant role in organic 
synthesis.
78
 De Mico et al.
79
 described the oxidation of alcohols to aldehydes and 
ketons using catalytic amounts of (2,2,6,6-tetramethylpiperidin-1yl)oxyl (TEMPO) 
and stoichiometric amounts of an organic oxidant, [bis(acetoxy)iodo]benzene 
(BAIB). The main advantage of this method is its mildness and efficiency. The active 
oxidant is an N-oxoammonium salt generated from TEMPO. BAIB is essential for 
TEMPO regeneration via oxidation of the corresponding hydroxylamine group of 
TEMPO. The reaction generates iodobenzene and acetic acid as byproducts and 
unlike most other TEMPO-mediated oxidations it doesn’t form inorganic salt 
contaminants.
79
 TEMPO-mediated oxidations are compatible with double and triple 
bonds, esters, ethers, acetals, epoxides, amides, halides, and azides. Finally, 
protecting groups such as TBDMS, THP, MOM, Boc, Cbz, benzyl, benzoyl, and 
acetyl are also stable under the reaction conditions.
78a
  
N-oxoammonium salts convert aliphatic alcohols to their respective carboxylic 
acids in the presence of high concentrations of water.
78a
 Epp et al.
80
 described 
application of the TEMPO/BAIB system in the mixture of acetonitrile and water 
(1:1) for preparation of the nucleoside-4’-carboxylic acids in high yields (Scheme 
11). 
 
Scheme 11. Reaction conditions: i) TEMPO, BAIB, CH3CN/H2O (1:1), r.t., 3 h. 
 
This methodology was extended, with slight procedural modification, to 2’,3’-
isopropylidene derivatives of cytidine and guanosine. Oxidation of these compounds 




Increased yields were achieved by adding a second equivalent of sodium bicarbonate 
which might be necessary to neutralize one equivalent of the acetic acid generated as 
a reaction by-product.
80
 The authors also exploited the fact that N-oxoammonium 
salts are known to be more stable at 0 °C than at room temperature.
81
  
TEMPO/BAIB system was also employed in another synthetic approach towards  
GS-9148 51 (Fig. 17), a nucleoside phosphonate RT inhibitor with good activity 
against wild-type HIV (EC50 = 12 μM).
82
 A crucial oxidative step of the synthesis is 
shown in Scheme 12. 
 
Scheme 12. Reaction conditions: i) TEMPO, BAIB, CH2Cl2, H2O, r.t., yield 80%. 
 
Analogous approach was used by Mackman et al.
83
 for the preparation of several 
thymidine phosphonomethoxy nucleoside analogues. The phosphonates ddTP 73 and 
d4TP 74 (Fig. 18) are potent inhibitors of HIV reverse transcriptase, although weaker 
than the corresponding parent nucleosides ddT and d4T, respectively. The oxidative 
step of the synthesis of compounds 73 and 74 is shown in Scheme 13. 
 
Figure 18. Structures of phosphonates ddTP and d4TP. 
 







 employed the TEMPO/BAIB system for almost quantitative 
oxidation (98%) of protected thymidine 78 to compound 79, a precursor in the 
synthesis of tert-butyl perester of thymidine-4’-carboxylic acid 80 (Scheme 14). 
 
Scheme 14. Reaction conditions: i) THF/DMF, TBDMSCl, imidazole, AgNO3;  
ii) MeOH, PPTS; iii) TEMPO, BAIB, CH3CN/H2O, r.t., yield 98%; iv) THF, CDI,  
t-BuOOH; v) THF, TBAF. 
 
High yield (81%) oxidation of 2’,3’-O-isopropylideneuridine 81 to the desired 
carboxylic acid 82 using the TEMPO/BAIB system was achieved by Meurillon et 
al.
85
 (Scheme 15). 
 





1.2.4. Oxidations of primary alcohols using TEMPO and 
NaClO2/NaClO 
1.2.4.1. Oxidation of primary alcohols using TEMPO/NaClO system 
Oxoammonium salts are able to oxidize primary and secondary alcohols to the 
corresponding carbonyl derivatives.
86
 Both stoichiometric and catalytic procedures 
have been described.
87
 Using of TEMPO/sodium hypochlorite system was firstly 
developed by Anelli et al.
81,88
 This TEMPO/bleach (aqueous solution of sodium 
hypochlorite) oxidation procedure under aqueous/organic two-phase reaction 
conditions is useful for the large-scale oxidations. It is not very effective for 
unsaturated alcohols, probably owing to the competitive addition of hypohalogenous 
acids to the double bond.
88
 Another disadvantage of this reaction is potential 
chlorination of the aromatic rings that dramatically reduces yields.
89
 Other oxidants 
(H2O2, CH3COOOH, t-BuOOH, etc.) examined for the TEMPO-catalyzed oxidations 
did not give reasonable results. Use of sodium chlorite (NaClO2) as the oxidant 
resulted in a very slow reaction.
89
 
1.2.4.2. Oxidation of primary alcohols using Swern oxidation/NaClO2 system 
Swern oxidation
90
 to the aldehyde followed by sodium chlorite oxidation to the 
corresponding acid was described by Lindgren et al.
91
 Although this method gives 




1.2.4.3. Oxidation of primary alcohols using TEMPO/NaClO2/NaClO 
system 
TEMPO-catalyzed oxidation of primary alcohols to the corresponding carboxylic 
acids using sodium chlorite as the stoichiometric oxidant was reported by Zhao  
et al.
89
 in 1999. The catalytic cycle for the TEMPO/NaClO2/NaClO-catalyzed 





Scheme 16. Catalytic cycle for the TEMPO/NaClO2/NaClO-catalyzed oxidation.
89 
 
A catalytic amount of NaClO oxidizes TEMPO radical to the N-oxoammonium 
ion A.
78
 The intermediate A, in turn rapidly oxidizes the primary alcohol I to the 
aldehyde II and gives a molecule of the hydroxylamine D.
78
 The aldehyde II is then 
oxidized by NaClO2 to the carboxylic acid III
90
, and a molecule of NaClO is 
regenerated. The hydroxylamine D can either be converted directly to the 
oxoammonium ion A or undergo a syn-proportionation with a molecule of the 
oxoammonium ion A to give two molecules of TEMPO radical.
78
 The exact 
mechanism of TEMPO-catalyzed oxidation of alcohols is still not completely clear, 
but the previous report
78
 has confirmed that oxoammonium ion A and hydroxylamine 
D are involved. It’s also known that NaClO2 can readily oxidize aldehydes to the 
carboxylic acids without presence of TEMPO.
91
 Long induction period of the 
reaction without a catalytic amount of bleach is presumably due to the relatively slow 
oxidation of TEMPO radical or the hydroxylamine D by NaClO2. Once the reaction 
is initiated, it becomes self-sustaining as NaClO is continuously regenerated. The 
chlorination problem (part 1.2.4.1.) is exceedingly suppressed due to remaining low 
concentration of NaClO during the reaction. Opportunities for epimerization of the 
neighboring chiral center (part 1.2.4.2.) are also reduced since the labile aldehyde 
intermediate is rapidly oxidized to the corresponding carboxylic acid by sodium 
chlorite.
89 
This methodology is mild and efficient and has been demonstrated on variety of 
primary alcohols.
89,92
 The typical procedure consists of dissolution of the substrate in 




(2-7 mol %) of TEMPO is added, followed by simultaneous addition of NaClO2 and 
a catalytic amount (1-4 mol %) of bleach at 35 °C.
89
    
Medicinal chemistry provides many opportunities for employment of this 
practical, economical and environmentally benign oxidative method. It was shown 
that this methodology also plays a key role in the synthesis of various intermediates 































2. Aims of the Thesis 
 Development of an efficient synthesis of novel ANPs derived from  
2-(phosphonomethoxy)propanoic acid and evaluation of their antiviral 
activity. 
 Development of a novel strategy for the synthesis of prodrugs of (S)-3-
(adenin-9-yl)-2-(phosphonomethoxy)propanoic acid [(S)-CPMEA] and 
evaluation of antiviral activity of these compounds. 
 Synthesis of novel ANPs containing 6-oxopurine bases and an elongated 
phosphonate linker [carboxyphosphonoethoxyethyl (CPEE) and hydroxy-
phosphonoethoxypropyl (HPEP) derivatives] as potential inhibitors of 
plasmodial phosphoribosyltransferases. 
 Development of novel synthesis of HPEP monomers for preparation of model 
oligonucleotides – nonamers serving for the measurement of thermal 
characteristics of the complexes (duplexes) – and for their potential use in 




3. Results and Discussion 
3.1. Novel types of ANPs derived from 2-(phosphono- 
methoxy)propanoic acid 
One of the first aims of the presented work was to develop a synthesis of a novel 
acyclic nucleoside analogue, (S)-CPMEA 83a [(S)-3-(adenin-9-yl)-2-(phosphono- 
methoxy)propanoic acid, Fig. 19]. This compound can be considered to be a direct 
structural modification of (R)-PMPA 31 (Fig. 11) or (S)-HPMPA 27 (Fig. 10) with 
oxidized 2’-methyl or 2’-hydroxymethyl functions, respectively. (S)-CPMEA can 
also be looked upon as an O-phosphonomethyl derivative of (S)-AHPA 33 (Fig. 12). 
(S)-CPMEA has been designed as a compound with potential anti-HIV activity. 
 
Figure 19. Structure of (S)-CPMEA. 
 
3.1.1. Docking studies on (S)-CPMEA 
The X-ray structure of HIV-1 RT-DNA complex after incorporation of tenofovir 
diphosphate is an ideal starting point for further rational and targeted drug design 
(Fig. 20a)
93
. In the complex, two amino acid residues (Arg 72 and Gln 151) in the 
binding site of the HIV-1 RT are oriented towards the C-2’ methyl group of tenofovir 
diphosphate (Fig. 20a). Apparent incapability of the 2’-methyl group to essentially 
interact with the two polar amino acids of the HIV-1 RT led to a following 
suggestion: the replacement of the C-2’ methyl with a more polar substituent which 
can interact with Arg 72 and/or Gln 151 would increase the binding affinity of such 




methyl group of tenofovir diphosphate (Fig. 20a) with a carboxyl group could, 
theoretically, lead to the formation of up-to four new hydrogen bonds with Arg 72 
and Gln 151 (Fig. 20b). 
 
a)                                                                b)  
 
 
Figure 20. a) Immediate binding site of the comlex of HIV-1 RT and tenofovir 
diphosphate. b) Docking of the complex of HIV-1 RT and (S)-CPMEA 83a showing 
possible hydrogen bonding (dotted green lines) between the carboxyl group of (S)-
CPMEA diphosphate and Arg 72 and Gln 151. 
 
Thus, the initial docking studies indicated that (S)-CPMEA 83a (Fig. 19), an 
analogue of PMEA 30 (Fig. 11) bearing a carboxyl group at the C-2’ position of the 
aliphatic chain, is a good candidate for strong binding affinity in the enzyme pocket 
of HIV-1 RT. Compound 83a, as well as the other CPME analogues, was expected to 
display a wide range of biological properties. 
3.1.2. Synthesis of (S)-CPMEA 
The direct oxidation of the properly protected (S)-HPMPA followed by the 
removal of the protecting groups was used for the synthesis of target analogue 83a. 
Based on that fact the diisopropyl (S)-9-[3-hydroxy-2-(phosphonomethoxy)propyl] 
adenine 84a (Scheme 17) was chosen as the suitable starting material. This 
compound can be prepared in sufficient amounts according to the previously 
described procedures.
94
 Currently, there is a considerable number of oxidizing 




number of functional groups.
95
 It was necessary to develop a simple, mild and clean 
oxidation of diisopropyl (S)-HPMPA 84a, which would tolerate the presence of the 
unprotected amino group at the C-6 position of the purine moiety. 
 
Scheme 17. Reaction conditions: i) see Table 1; ii) Me3SiBr, MeCN, r.t., overnight. 
 
Oxidation of the 5’-hydroxymethylene group of 2’,3’-protected purine 
nucleosides to the corresponding 5’-uronic acid is often attained by using an excess 
of potassium permanganate in aqueous KOH solution (see part 1.2.3.2.). An 
attempted oxidation of compound 84a under analogous conditions led only to 
complex reaction mixtures (monitored by TLC, Table 1, entry 1). 
Mori and Togo
96
 reported a simple and efficient oxidative conversion of primary 
alcohols to the corresponding methyl esters using iodine/potassium carbonate in 
methanol. Nevertheless, an attempt to prepare the methyl ester of derivative 85a by 
the direct oxidative esterification of compound 84a under the above described 
reaction conditions failed (Table 1, entry 2). 
 
Table 1. Oxidation of diisopropyl (S)-HPMPA 84a to diisopropyl (S)-CPMEA 85a. 
Entry Oxidative agent Desired product Isolated Yield  
1 KMnO4/KOH 85a complex mixture 
2 I2/K2CO3/MeOH methyl ester of 85a complex mixture 
3 RuO2/NaIO4 85a 63% 
4 TEMPO/BAIB 85a 71% 





Ruthenium tetroxide (RuO4), another widely used oxidizing agent, is ideal when a 
very vigorous oxidizing agent is needed but mild conditions must be maintained (see 
part 1.2.3.4.). Since RuO4 can decompose explosively, it is mostly prepared in situ by 
oxidation of RuCl3 or RuO2. In view of the fact that RuCl3 is considered to be a very 
hygroscopic reagent, not easy to handle, it was decided to use RuO2 as the oxidizing 
agent. Oxidation of diisopropyl (S)-HPMPA 84a with RuO2/NaIO4 afforded 
derivative 85a in a satisfactory yield (63%, Table 1, entry 3). The oxidation was 
carried out in a mixture of acetonitrile, chloroform, and water (1:1:2) according to 
the described procedure used for the preparation of adenosine 5’-uronamides,
77
 with 
an addition of concentrated HCl to adjust the pH to 2.5. In spite of the good isolated 
yield, purification was very tedious and column chromatography had to be repeated 
several times to obtain pure (S)-CPMEA derivative 85a, probably owing to the fact 
that phosphonates strongly bind metal ions. Thus, a cleaner and less laborious 
procedure was still desirable. 
Commercially available TEMPO belongs to the class of stable organic nitroxyl 
radicals commonly used for the oxidation of primary and secondary alcohols.
95
  
In our case, TEMPO/BAIB (see part 1.2.3.5.) was used as a system of choice for 
mild and efficient oxidation of (S)-HPMPA derivative 84a to afford the expected 
product 85a in 71% yield (Table 1, entry 4). 
When BAIB was replaced by NaClO2/NaClO (sodium hypochlorite is a readily 
available and inexpensive oxidant, household bleach) an even higher yield (87%, 
Table 1, entry 5) of (S)-CPMEA derivative 85a was achieved. This oxidizing system 
(TEMPO/NaClO2/NaClO, see part 1.2.4.3.) offers a clean reaction and easy isolation 
of the product by flash chromatography on silica gel followed by crystallization. This 
efficient procedure gave compound 85a in very high purity. 
Eventually, the desired product (S)-CPMEA (83a, Scheme 17) was obtained in a 
76% yield by cleavage of the ester moiety of compound 85a under the standard 
conditions (TMSBr in MeCN).
97
 
Analogously, oxidation of enantiomeric diisopropyl (R)-HPMPA 84b utilizing the 
TEMPO/NaClO2/NaClO system afforded the derivative 85b in a 76% yield. 
Subsequent deprotection of compound 85b gave free phosphonic acid 83b  
in a 50% yield. 
Unfortunately, none of the oxidizing systems listed in Table 1 afforeded (S)-




the importance of the diester protection of the phosphonate group during  
the procedure, and synthetic transformations in general. 
3.1.3. Synthesis of other CPME derivatives 
It was decided to verify the more general applicability of the optimized oxidation 
protocol. Therefore, it was utilized for the preparation of the CPME derivatives 
bearing other nucleobases (Table 2, Scheme 18). The desired diisopropyl CPME 
analogues 85 were obtained by the oxidation of the corresponding HPMP derivatives 
84 with TEMPO/NaClO2/NaClO in high yields (76-87%). 
 
Scheme 18. General synthesis of CPME analogues 83. Reaction conditions: i) 
TEMPO, NaClO2, NaClO, MeCN, phosphate buffer, r.t., 24 h; ii) TMSBr, MeCN, 
r.t., overnight; iii) 0.5 M HCl (aq), microwave irradiation, 140 °C, 30 min. 
 
Table 2. Oxidation of HPMP analogues 84 with TEMPO/NaClO2/NaClO to give 85, 
followed by diester removal to yield 83. 






















































































Compound 85g prepared by other way (Scheme 19); 
e
Prepared from compound 85k (Scheme 20); 
f
N.A. not applicable 
 
Functional groups of the unprotected nucleobases are usually well tolerated during 
the oxidation process (Table 2, entries 1-6). The only problem was observed with 
compounds bearing 2-aminopurine bases containing a guanidine motif (guanine and 
2,6-diaminopurine). Treatment of the HPMPG derivative 84g
94b
 and HPMPDAP 
derivative 84h
94b
 with TEMPO/NaClO2/NaClO resulted in complex reaction 
mixtures and no desired products were isolated (Table 2, entries 7 and 8). 
To overcome the undesirable reactivity of the 2-aminopurine bases, it was decided 





 was prepared in a 69% yield from 
compound 84g in pyridine by sequential treatment with TMSCl, BzCl, water and 
aqueous ammonia (Scheme 19). Benzoyl derivative 84i was subsequently oxidized 
with TEMPO/NaClO2/NaClO to give carboxy analogue 85i in a 78% yield (Table 2, 





-benzoylguanine derivative 83i in 52% yield 
(Table 2, entry 9, Scheme 19). For obtaining CPMEG 83g, the benzoyl group of 
derivative 85i was removed first, using MeONa methanolic solution, followed by the 





Scheme 19. Reaction conditions: i) 1. TMSCl, pyridine, r.t., 2. BzCl, 3. H2O,  
4. NH3 (aq); ii) TEMPO, NaClO2, NaClO, MeCN, phosphate buffer, r.t., 24 h;  
iii) MeONa, MeOH, r.t., 24 h; iv) TMSBr, MeCN, r.t., overnight; v) 0.5 M HCl (aq), 
microwave irradiation, 140 °C, 30 min. 
 
Analogously, the HPMPDAP analogue 84h was protected as dibenzoyl derivative 
84j (70% yield), which was then oxidized using the TEMPO/NaClO2/NaClO system 
to compound 85j in a 80% yield (Table 2, entry 10, Scheme 20). The attempt to 
remove the benzoyl groups of derivative 85j by MeONa in methanol resulted in 
compound 85k (72% yield), with only N
6
-position deprotected. Finally, CPMEDAP 
83h was obtained in a 38% yield from compound 85k by simultaneous hydrolysis of 
the benzoyl group and diisopropyl esters using 0.5 M aqueous HCl under microwave 
irradiation (Scheme 20), a general method for the convenient removal of 







Scheme 20. Reaction conditions: i) 1. TMSCl, pyridine, 2. BzCl, 3. H2O, 4. NH3 
(aq); ii) TEMPO, NaClO2, NaClO, MeCN, phosphate buffer, r.t., 24 h; iii) MeONa, 
MeOH, r.t., 24 h; iv) 0.5 M HCl (aq), microwave irradiation, 140 °C, 30 min. 
 
All prepared diisopropyl CPME phosphonates 85 were deprotected to yield final 
free phosphonic acids 83 (Table 2, Scheme 18). As already mentioned above, two 
general methods for the removal of alkyl esters from the phosphonate group were 
employed: a) commonly used deprotection with TMSBr in acetonitrile followed by 
hydrolysis (procedure A);
97
 b) recently described microwave-assisted hydrolysis 
using aqueous HCl (procedure B).
98
 In our case, the procedure A gave better yields 
(50-68%) of the free phosphonic acids compared to the proceure B (37-46%). 
Diisopropyl phosphonate 85d, with the methoxy group in the position C-4 of the 
pyrimidine ring, afforded under the deprotection conditions (by both procedures A 
and B) the corresponding thymine derivative 83d (Table 2). 
All CPME analogues 83 were tested for their antiviral properties. Although 
completely nontoxic in all assays, none of the compounds, including promising  
(S)-CPMEA 83a, exhibited any activity against the HIV virus or any other viruses 
tested (HSV-1 (KOS), HSV-1 (KOS TK
-
), HSV-2 (G), RSV, Vaccinia virus, 
Vesicular stomatitis virus, Parainfluenza-3 virus, Reovirus-1, Sindbis virus, 
Coxsackie B4 virus, Punta Toro virus, Feline Corona virus, and Feline Herpes virus). 
One of the most obvious reasons for the lack of the biological properties of CPME 
derivatives 83 may be their poor bioavailability caused by their high polarity (CPME 
derivatives are even more polar that the corresponding PME, PMP, and HPMP 




administered in the form of their prodrugs. The preparation of various prodrugs of 
compound (S)-CPMEA 83a will be discussed in part 3.2. 
3.1.4. Conclusion 
Novel acyclic nucleoside analogue, (S)-3-(adenin-9-yl)-2-(phosphonomethoxy) 
propanoic acid 83a [(S)-CPMEA, Fig. 19], was designed as an inhibitor of HIV-1 
RT. Its synthesis was developed and optimized. The key step of the (S)-CPMEA 83a 
synthesis is oxidation of the (S)-HPMPA derivative 84a with TEMPO/NaClO2/ 
NaClO to give compound 85a in a high yield (87%). Subsequently, the whole series 
of CPME derivatives 85 was prepared in good to high yields from the corresponding 
HPMP analogues 84 by the optimized oxidative methodology using TEMPO. The 
oxidation process tolerates the functional groups present on the common nucleobases 
(A, C, T, U), with the exception of compounds containing the amino group in the 
position C-2 of the purine moiety (i.e. 84g and 84h) which were oxidized as their 
benzoyl derivatives 84i and 84j, respectively. Finally, two methods were employed 
for the deprotection of phosphonate diesters 85: a) treatment with TMSBr in 
acetonitrile followed by hydrolysis; b) microwave-assisted hydrolysis with HCl. 
Unfortunately, none of the newly synthesized CPME compounds, including the most 













3.2. Prodrugs of (S)-CPMEA 
3.2.1. Introduction – prodrugs of ANPs 
Several ANPs are used for treatment of various diseases in current medicine. To 
exploit their therapeutic potential, it was necessary to solve the problem caused by 
negative charge on the phosphonate moiety at physiological pH, which is responsible 
for limited penetration of ANPs to the cells, as well as for their low oral 
bioavailability (5-10%).
99
 To overcome this obstacle intensive research was initiated 
to develop suitable lipophilic prodrugs of ANPs bearing only one negative charge or 
no charge at all. For this purpose the transformation of the free phosphonic acid to 
the corresponding ester or amide (mono, bis or mix ester-amide) is used. As already 
mentioned above, adefovir 30 (Fig. 11) and tenofovir 31 (Fig. 11) are utilized for oral 
application in form of their diesters
100
 as adefovir dipivoxil 86 and tenofovir 
disoproxil fumarate 87 (Fig. 20).  
 
Figure 20. Prodrugs of adefovir and tenofovir. 
 
Other significant class of prodrugs of ANPs is represented by highly lipophilic 
monoesters derived from linear aliphatic alcohols with 16-20 carbons, where at least 
one methylene group is replaced with oxygen atom (alkoxyalcohols). This class  
of prodrugs was designed as an analogy to natural phospholipids.
101
  
3-(Hexadecyloxy)propyl ester of (R)-PMPA 88 (Fig. 21) is a typical example of such 
prodrug. This compound is currently in Phase I human trials as CMX157.
102
 It 








Figure 21. 3-(Hexadecyloxy)propyl ester of (R)-PMPA. 
 
Bis-amidates (symmetrical diamides), derived from encoded amino acids, 
represent a very important class of prodrugs of ANPs. In this case, after metabolic 
activation of the prodrug to the active species, only nontoxic amino acid is released. 
Double prodrugs of PMEG (guanine analogue of adefovir, see part 3.3.2.) were 
considered to be the most promising compounds with high potential for treatment of 





 90 (Fig. 22) were auspicious candidates for the treatment of non-
Hodgkins lymphomas and human papillomavirus-associated proliferative disorders. 
Ballatore et al.
106
 prepared series of phosphoramidate prodrugs of adefovir 30 
(Fig. 11) and tenofovir 31 (Fig. 11). These compounds exhibited improved anti-HIV 
activity compared to the corresponding parent ANPs. 
 
Figure 22. The antiproliferative bis-amidate agents GS-9219 and GS-9191.    
 
Assymetrical phenyloxy amidates (mixed monoester mono-amidates) are another 
important class of prodrugs of ANPs. Agent GS-7340
107
 91 (Fig. 23) is an excellent 
example of such prodrugs. This compound (prodrug of tenofovir) is currently in 




molecule (tenofovir), prodrug 91 is approximately 1000-fold more potent in 




Figure 23. GS-7340 - the example of assymetrical phenyloxy amidate. 
 
3.2.2. Preparation of (S)-CPMEA prodrugs 
Compared to other types of ANPs, (S)-CPMEA has even more polar character due 
to the presence of both free phosphonic acid function and free carboxylic group. 
Thus, unfavorable pharmacological properties can be expected. In order to improve 




Thus, it was decided to convert (S)-CPMEA into several structurally different 
types of prodrugs, which had been designed to mask the phosphonate and/or 
carboxylic groups in the molecule.
109
 The first class includes prodrugs containing 
groups masking the carboxylic moiety (esters and amides). Methyl ester of 
diisopropyl (S)-CPMEA 92 (Scheme 21) was synthesized by conversion of 85a to a 
lithium salt followed by the reaction with methyliodide in DMF.
48
 Cyclopropylamide 
93 (Scheme 21) was prepared by the reaction of 85a with cyclopropyl amine, EDAC 
and N-hydroxysuccinimide in DMF.
110
 Finally, the treatment of compound 92 in 
ethanolic ammonia solution under microwave conditions was used for the 
preparation of amide derivative 94 (Scheme 21). Prepared diisopropylesters 92-94 
were consequently treated with TMSBr to give the corresponding free phosphonic 
acids 95-97 (Scheme 21) in satisfactory yields (68-76%). 
Tris-amidate analogue 98 (Scheme 21) was successfully prepared from compound 
85a according to a procedure developed originally in our laboratory:
109 
appropriate 
phosphonate diester (ethyl or diisopropyl) is treated with TMSBr, followed by 




triphenyl phosphine and Aldrithiol-2 in pyridine under basic conditions. In this case 
L-alanine ethylester hydrochloride was used to prepare prodrug 98.  
Compound 92 was further used for the synthesis of four other types of lipophilic 
prodrugs. First of them, 3-(hexadecyloxy)propyl monoester 99 (Scheme 21), was 
synthesized by the reaction of free phosphonic acid 95 (prepared in situ by ester 
cleavage of compound 92 with TMSBr) which was then heated with  
3-(hexadecyloxy)propan-1-ol and DCC in dry pyridine. Synthesis of bis-amidate 100 
(Scheme 21) was carried out analogously to the methodology used for compound 98. 
Preparation of bis-amidate 101 (Scheme 21) was analogous to the above described 
method, nevertheless, due to lower reactivity of L-phenylalanine ethylester 
hydrochloride, it was necessary to heat the reaction mixture for 3 days to reach the 
full conversion. The last prodrug, monoester mono-amidate 102 (Scheme 21), was 
prepared by deprotection of the phosphonate moiety of compound 92 with TMSBr, 
followed by treatment of the silylated intermediate with L-phenylalanine ethylester 
hydrochloride and phenol under basic conditions in dry pyridine, and finally by 
heating with Aldrithiol-2 and triphenyl phosphine to complete the conversion. 





Scheme 21. Reaction conditions: i) 1. LiOH.H2O/MeOH, 2. MeI/DMF, r.t., 1 h;  
ii) TMSBr, MeCN, r.t., overnight; iii) 3.5 M NH3 in EtOH, 120 °C, 1 h, microwave 
irradiation; iv) EDAC, N-hydroxysuccinimide, cyclopropylamine, DMF, r.t.,  
2 days; v) 1. TMSBr, MeCN, r.t., overnight, 2. L-alanine ethylester hydrochloride, 
Et3N, pyridine, 50 °C, 15 min, 3. Aldrithiol-2, PPh3, pyridine, 50 °C, 5 h;  
vi) 1. TMSBr, MeCN, r.t., overnight, 2. 3-(hexadecyloxy)propan-1-ol, DCC, 




ethylester hydrochloride, Et3N, pyridine, 60 °C, 7 min, 3. Aldrithiol-2, PPh3, 
pyridine, 70 °C, 3 days; viii) 1. TMSBr, MeCN, r.t., overnight, 2. L-phenylalanine 
ethylester hydrochloride, phenol, Et3N, pyridine, 60 °C, 7 min, 3. Aldrithiol-2, PPh3, 
pyridine, 65 °C, 5 h. 
 
3.2.3. Biological results 
The newly prepared prodrugs were evaluated for their antiviral properties. 
Compared to the parent molecule, (S)-CPMEA 83a (Fig. 19), prodrugs 101 and 102 
(Scheme 21) displayed submicromolar anti-HCV activity (Table 3). To the best of 
our knowledge, these are the first examples of ANP derivatives to exhibit potent 
activity against HCV. None of the prodrugs exhibited any interesting activity against 
the HIV-1 virus. All of the prodrugs were also tested for inhibitory activity of 
adenylate cyclase toxin from Bordetella pertussis (CyaA), but they were shown to be 
only weak inhibitors of this enzyme. The best CyaA inhibitor was compound 101, 
which decreased the formation of cAMP to 68% compared to the full (100%) activity 
of CyaA. 
 

























83a >44.4 >44.4 >44.4 >44.4 >44.4 >44.4 
98 >44.4 >44.4 >44.4 >44.4 >44.4 >44.4 
99 20.6 >44.4 30.9 >44.4 9.6 >44.4 
100 >44.4 >44.4 >44.4 >44.4 39.2 >44.4 
101 0.6 18.3 1.1 30.4 0.6 12.6 
102 0.8 42.6 1.5 >44.4 0.6 25.3 
 
3.2.4. Conclusion 
Synthesis of various prodrugs of (S)-CPMEA has been developed and their 
biological activities have been evaluated. The compounds were shown to be only 
weak inhibitors of adenylate cyclase toxin from Bordetella pertussis (CyaA). 
Prodrugs 101 (bis-amidate) and 102 (monoester mono-amidate) exhibited 
submicromolar anti-HCV activity. No interesting anti-HIV activity was observed 





3.3. ANPs with elongated CPEE and HPEP acyclic chain 
as inhibitors of plasmodial HG(X)PRTs 
The synthesis of novel ANPs with a potential antimalarial activity was another 
project on which I participated during my Ph.D. studies. Malaria remains 
a recurrent problem in the modern world. The WHO (World Malaria Report 2011) 
have accounted for over 200 million new cases reported worldwide, 80% of which 
are in Africa, and almost 1 million deaths, 86% of which occur in group of children 
below the age of five.
111
 Due to increasing resistance of the plasmodial parasites to 
current medications, there is a need to develop new classes of antimalarial drugs.
112
 
Plasmodium falciparum (Pf) and Plasmodium vivax (Pv) are the most widespread 
species (parasitic protozoans) that cause malaria in humans. Pf is responsible for 
approximately three quarters of the total infections,
113
 but other plasmodial strains 
(e.g. Pv) can also cause serious illness.
114 
3.3.1. Short history of treatments for malaria115 
The name ‚malaria‘ arose from the Italian term for ‚bad air‘ (mala aria). Its first 
effective treatment came from the bark of cinchona tree containing quinine. This tree 
grows on the slopes of Andes, especially in Peru. Historically, the Incas used 
infusions of cinchona bark powder to combat malarial fevers. This fact was later also 
known to Jesuits living in former spanish colonies in South America. The cinchona 
bark powder was firstly sent to Spain around 1640 and hereby Jesuits introduced the 
antimalarial treatment in Europe. Quinine was isolated from cinchona bark in 1820 
and is still used especially for severe malaria treatment. 
Around 1900 Paul Ehrlich observed that methylene blue had a specific 
antimalarial effect. He treated patients suffering from a mild form of malaria with 
this dye and obtained significant improvements. However, methylene blue was not 
effective against more severe tropical forms of malaria and moreover the dye was 
found to be highly toxic. 
In the 1940s, quinine was replaced by chloroquine, firstly prepared in 1934. 
Chloroquine has been at the front line of the treatment of both mild and severe 
malaria for more than 50 years.  
The problem of chloroquine-resistant Plasmodium has iniciated the search for 
novel alternative synthetic drugs effective against resistant strains. Mefloquine was 




1985 and approved by FDA in 1989. Mefloquine has become a preventive 
antimalarial drug in the case of travelling to endemic areas. 
The increasing resistance of Plasmodium falciparum to the most prescribed 
antimalarial drugs (chloroquine) became major reason for new research of 
antimalarial drugs. In the 1970s, artemisinins were discovered in the plant Artemisia 
annua, a Chinese traditional remedy for fevers, including malaria. In 2001, the WHO 
recommended the use of four artemisinin-combination therapies (ACTs) to treat 
malaria: artemether-lamifantrine; artesunate–mefloquine; artesunate–amodiaquine; 
and artesunate–sulfadoxine/pyrimethamine. Despite of increasing resistance to 
ACTs, it is still the most effective class of antimalarial treatment.
111
 
3.3.2. Selective inhibitors of HG(X)PRT – ANPs 
The previous studies
116
 reported that some ANPs can inhibit hypoxanthine-
guanine-(xanthine) phosphoribosyltransferase (HG(X)PRT),
114,117
 which is a key 
enzyme of the purine salvage pathway of the malarial parasites. This enzyme 
catalyzes the formation of an N-glycosidic bond between the N
9 
atom of purine base 
and the C
1




Figure 24. Reaction catalyzed by HG(X)PRT. 
 
One significant difference in the metabolic pathways of Plasmodium and its 
human host cell is in the ability to synthesize the purine nucleoside monophosphates 
essential for the production of DNA/RNA. Mammalian cells are able to produce 
these metabolites either by de novo synthesis or by salvage. In contrast, Plasmodium 
parasites are unable to synthetize the purine ring and therefore, they are dependent on 




crucial in the replication and survival of the parasite and therefore, it is a promising 
target for the design of antiparasitic drug. 
Keough et al.
116a
 reported that several ANPs bearing the hypoxanthine or guanine 
bases revealed good inhibitory effects on PfHGXPRT (Fig. 25). These compounds 
are considered to be the first inhibitors which selectively discriminate between the 
human and Pf enzymes. Intensive research of such type of ANPs resulted in a 
broader library of compounds with potent and/or selective inhibitory activities 
towards human, Pf and PvHG(X)PRTs.
119 
 
Figure 25. PEE and HPMP inhibitors of plasmodial phosphoribosyltransferases. 
 
PEE derivatives (Fig. 25) possess sufficiently low Ki (~ 0.1 μM) and significantly 
higher affinity for PfHGXPRT compared to human HGPRT. (S)-HPMPG or cyclic 
(S)-HPMPG derivatives have also their Ki values in a low micromolar range and 
display a favorable affinity for the Pf enzyme (Table 4). 
 




Ki (μM)   R 
PfHGXPRT human HGPRT   Ki(h)/Ki(Pf) 
PEEHx 0.3 ± 0.04 3.6 ± 0.20  12 
PEEG 0.1 ± 0.02 1.0 ± 0.50  10 
(S)-HPMPG
a 
28.4 ± 2.20 176.8 ± 10  6.2 
(S)-c-HPMPG 8.0 ± 1.00 90.0 ± 10  11 
                                           aMeasured at pH 8.5 
 
From the crystal structures of three ANPs in complex with human HGPRT it is 
apparent that further chemical modifications could lead to inhibitors with increased 
potency. Česnek et al.
119a
 reported that compounds with too short (1-3 atoms) or too 
long (>5 atoms) linker between the nucleobase and the phosphonate group do not 




enzymes occurs: a) when the linear linker contains five atoms; b) when the oxygen 
atom is located in the 3-position distal from the N
9
 atom in the purin ring. The 
influence of a carboxylic group attached to the linker on potency and/or selectivity 
for the parasite enzymes has not been evaluated yet. To contribute to the structure-
activity relatioship study, CPME derivatives bearing guanine and hypoxanthine were 
synthesized. The fact that both PEEG(Hx) and (S)-HPMPG derivatives showed to be 
good inhibitors of the Plasmodium enzymes led to the idea to combine these 
structural motifs which resulted in HPEP analogs bearing 6-oxopurine bases (Fig. 
26). Furthermore, CPEE derivatives (“oxidized” forms of the HPEP analogues) and 
their methyl esters were prepared. 
 
Figure 26. Design of new ANPs, namely (S)-HPEP and (S)-CPEE derivatives. 
 
3.3.3. Synthesis of (S)-CPME derivatives bearing 6-oxopurine 
bases 
The synthon approach starting from (S)-tritylglycidol was used for the synthesis 
of the desired CPME compounds. The first step in the preparation of the key 
intermediate 109 (Scheme 22) was nucleophilic opening of the epoxide ring with 
benzylalcohol to afford product 104 in quantitative yield. Introduction of a 
methylphosphonate moiety to the secondary hydroxyl group was performed using 
diisopropyl (bromomethyl)phosphonate under the basic conditions in DMF to give 




deprotected alcohol 106, which was subsequently oxidized under the mild 
conditions
92
 (TEMPO/NaClO2/NaClO) to the corresponding carboxylic acid 107. 
Compound 107 was converted to methyl ester 108 with diazomethane, and after 
deprotection of the benzyl group the desired intermediate 109 was obtained.  
 
Scheme 22. Reaction conditions: i) BnOH, NaH, DMF, 100 °C, 2 h; ii) 1. NaH, 
DMF, 0 °C, 15 min, 2. BrCH2P(O)(Oi-Pr)2, DMF, r.t., 48 h; iii) 80% AcOH, reflux, 
2 h; iv) TEMPO, NaClO2, NaClO, phosphate buffer, MeCN, 40 °C, 48 h; v) CH2N2, 




 was applied for introduction of the acyclic moiety to 
the N
9
-position of 6-chloropurine or 2-amino-6-chloropurine. In the former case the 
resulting 6-chloropurine derivative 110 (Scheme 23) was then transformed to 
hypoxanthine derivative 112 by hydrolysis under the basic conditions 
(DABCO/K2CO3) and at the same time the methyl ester was cleaved. In the case of 
2-amino-6-chloropurine derivative 111 the Mitsunobu reaction was quenched by 
adding of water followed by heating to decompose the triphenylphosphoranylidene 
by-product
121
 formed due to the presence of the free amino group. The chlorine atom 
was next displaced with hydroxyl, as described above, to form guanine derivative 
85g. To prepare free phosphonic acids 113 and 83g, the phosphonate moiety was 






Scheme 23. Reaction conditions: i) Mitsunobu reaction: 1. 6-chloro or 2-amino-6-
chloropurine, compound 109, PPh3, dioxane, 2. DIAD, r.t., 24 h; ii) DABCO, K2CO3, 
dioxane/H2O (4:1), 90 °C, 3-5 h; iii) TMSBr, MeCN, r.t., overnight. 
 
3.3.4. Synthesis of (S)-HPEP derivatives bearing 6-oxopurine bases 
The HPEP derivatives were obtained via the synthon approach starting from the 
(R)-tritylglycidol. Previously developed methodology for oxa-Michael additions of 
secondary alcohols to diethyl vinylphosphonate (DEVP) was employed. Treatment 
of compound 115 (Scheme 24) with DEVP and catalytic amount of KOH
122
 afforded 
product 116 which was used for the next step as a crude intermediate (it was not 
possible to get rid of by-products with almost the same polarity using silica gel 
column chromatography; the product was purified and fully characterized after 
detrytilation step). The trityl group was then removed by treatment of compound 116 
with 80% acetic acid under reflux to obtain desired alcohol 117 in a high yield 
(Scheme 24).  
 
Scheme 24. Reaction conditions: i) BnOH, NaH, DMF, 100 °C, 2h; ii) KOH, 
CH2=CHP(O)(OEt)2, dioxane, r.t., 70 h; iii) 80% AcOH, reflux, 2 h. 
 
The treatment of alcohol 117 with 6-chloropurine and 2-amino-6-chloropurine 




and 119, respectively, in acceptable yields (80% and 55%). The triphenylphosphine 
adduct, which was formed in the case of the 2-amino-6-chloropurine base, was 
decomposed by the same manner as described above. Compounds 118 and 119 were 
treated with DABCO in the presence of potassium carbonate to give products 120 
and 121. Compounds 122 and 123 were obtained after removal of the benzyl groups 
and were subsequently converted to the corresponding free phosphonic acids 124 and 
125, respectively. Guanine derivative 125 was also converted to the corresponding 
xanthine analogue 126 by treatment with iso-pentyl nitrite in 80% acetic acid. 
 
Scheme 25. Reaction conditions: i) Mitsunobu reaction 1. 6-chloropurine or 2-
amino-6-chloropurine, compound 117, PPh3, dioxane, 2. DIAD, r.t., 24 h; ii) 
DABCO, K2CO3, dioxane/H2O (4:1), 90 °C, 3 h; iii) H2/Pd/C, AcOH, r.t., 72 h; iv) 
TMSBr, MeCN, r.t., overnight; v) iso-pentyl nitrite, 80% AcOH, r.t., overnight. 
 
Subsequently, the (S)-HPEP analogues bearing other nucleobases (as adenine, 2,6-
diaminopurine, cytosine, thymine, and uracil) were prepared to explore the potential 
antiviral, antineoplastic, and immunomodulatory properties within this novel class of 
ANPs. Synthesis of adenine and 2,6-diaminopurine derivatives 127 and 130 started 
from the corresponding 6-chloropurine or 2-amino-6-chloropurine derivatives 118 
and 119, respectively. The microwave-assisted reaction with ethanolic ammonia 
solution, followed by deprotection of the benzyl group via H2/Pd/C in acetic acid, 
afforded compounds 128 and 131 in moderate yields. The standard deprotection with 





Scheme 26. Reaction conditions: i) 3.5 M NH3 in EtOH, microwave irradiation,  
120 °C, 1 h; ii) H2/Pd/C, AcOH, r.t., 72 h; iii) TMSBr, MeCN, r.t., overnight. 
 
Synthesis of other HPEP derivatives (C, T, U, DAPy) was based on synthon 
approach starting from compound 117. Compound 117 was treated with  
p-toluensulfonyl chloride in pyridine to give compound 133 and removal of the 
benzyl moiety afforded alkylating agent 134 in a high yield (95%). Compound 134 
was subsequently used for alkylation for the corresponding protected bases to give 
products 135, 138, 139, 141, 142, and 144. The benzoyl group from compound 135 
was removed by the reaction with MeONa/MeOH to give 136. The final products 
137, 140, 143, and 145 were obtained by silylation of compounds 136, 138, 141, and 





Scheme 27. Reaction conditions: i) TsCl, DMAP, pyridine, r.t., overnight;  
ii) H2/Pd/C, MeOH/AcOH, r.t., 3 days; iii) base (BzC, T, U), compound 134, NaH, 
DMF, 100 °C, 3 h; iv) MeONa, MeOH, r.t., overnight; v) TMSBr, MeCN, r.t., 
overnight; vi) 2,4-diamino-6-hydroxypyrimidine, Cs2CO3, DMF, 100 °C, 10 h. 
 
All final compounds were purified by reverse phase HPLC chromatography 
and/or by crystallization from the water-ethanol mixture. The final phosphonic acids 




C NMR, MS spectroscopy, IR spectroscopy and 




3.3.5. Synthesis of (S)-CPEE derivatives bearing 6-oxopurine bases 
The synthesis of CPEE derivatives and their methyl esters combines previously 
mentioned synthetic steps. At first, (S)-tritylglycidol was opened with benzylalcohol 
to give compound 104 (Scheme 28). O-Alkylation of 104 with DEVP (described in 
part 3.3.4.) gave (after refluxing with 80% acetic acid) alcohol 147. Subsequent steps 
leading to the desired synthon 150 were carried out in analogy with the methods 
described in part 3.3.3. (Scheme 28). 
 
Scheme 28. Reaction conditions: i) KOH, CH2=CHP(O)(OEt)2, dioxane, r.t., 70 h; ii) 
80% AcOH, reflux, 2 h; iii) TEMPO, NaClO2, NaClO, phosphate buffer, MeCN,  
40 °C, 48 h; iv) CH2N2, EtOAc, r.t., 0.5 h; v) H2/Pd/C, MeOH, r.t., 72 h. 
 
Alcohol 150 was treated with 6-chloropurine and 2-amino-6-chloropurine under 
the Mitsunobu reaction conditions to give compounds 151 and 152, respectively 
(Scheme 29). Their treatment in basic (DABCO/K2CO3) or acidic (75% aqueous 
trifluoroacetic acid) conditions afforded derivatives 153 and 154 or 157 and 158, 
respectively. Compounds 151 and 152 underwent under basic conditions 
simultaneous transformation of 6-chloro to 6-oxo and cleavage of methyl ester. 
Under acidic conditions, only the 6-chloro to 6-oxo transformation occurred and the 
methyl ester was preserved. Final free phosphonic acids 155, 156 and 159, 160 were 
prepared by ester cleavage of the corresponding diesters under the standard 





Scheme 29. Reaction conditions: i) Mitsunobu conditions: 1. 6-chloropurine or 2-
amino-6-chloropurine, compound 150, PPh3, dioxane, 2. DIAD, r.t., 24 h; ii) 
DABCO, K2CO3, dioxane/H2O (4:1), 90 °C, 3-5 h; iii) TMSBr, MeCN, r.t., 
overnight; iv) 75% aqueous CF3COOH, r.t., overnight. 
 
3.3.6. Synthesis of 8-substituted derivatives of (S)-HPEPG 
Two different methods were used for bromination of the C-8 position of the 
guanine base. The first method consist of direct bromination of compound 123 
(Scheme 25) with bromine/CCl4 in DMF and afforded product 161 (Scheme 30) in a 
good yield. The second method was expected to combine bromination 
(NaBrO3/Na2S2O4) with cleavage of the benzyl moiety of compound 121,
123
 
nevertheless this reaction gave only 8-bromo product 163. Compound 163 was 
subsequently transformed to 8-oxo derivative 164 by heating in AcONa/AcOH.
124
 
The desired compounds 162 and 166 were obtained after the deprotection of the 





Scheme 30. Reaction conditions: i) Br2/CCl4, DMF, r.t., 3 h; ii) TMSBr, MeCN, r.t., 
overnight; iii) NaBrO3, Na2S2O4, EtOAc/H2O (5:4), r.t., 1 h; iv) AcONa/AcOH,  
130 °C, 4 h; v) H2/Pd/C, AcOH, r.t., 24 h. 
 
3.3.7. Synthesis of prodrugs of (S)-HPEPG(Hx) and (S)-CPEEG 
(Hx) 
For the erythrocyte cell-based assays, the direct synthesis of phosphoramidate 
prodrugs
125
 167-172 from corresponding phosphonate diesters 122, 123, 157 and 
158, and two ammonium salts of phosphonic acids 124a and 125a was performed by 
modification of our recently published method.
109
 This one-pot reaction sequence 
consisted of two separate steps. The first step included in situ preparation of silyl 
esters from compounds 122, 123, 157, 158, 124a and 125a using TMSBr. In the 
second step, reaction of the silylated intermediates with L-phenylalanine ethylester 
hydrochloride in the presence of Aldrithiol-2 and triphenylphosphine afforded 





Scheme 31. Reaction conditions: i) 1. TMSBr, MeCN, r.t., overnight,  
2. L-phenylalanine ethylester hydrochloride, Et3N, pyridine, 60 °C, 7 min.,  
3. Aldrithiol-2, PPh3, pyridine, 70 °C, 3 days. 
3.3.8. Biological results 
The final 6-oxopurine analogues were tested for their affinity towards the human 
and plasmodial hypoxanthine-guanine-(xanthine)-phosphoribosyltransferases. These 
tests were performed by our collaborators Dr. Dianne T. Keough and Prof. Luke W. 
Guddat (The school of chemistry and molecular sciences, The University of 
Queensland, Brisbane, Australia). 
Neither (S)-CPMEHx 113 (Scheme 23), nor (S)-CPMEG 83g (Scheme 23) 
prepared in this series, were good inhibitors of the target enzymes. The possible 
explanation is that the linker between the nucleobase and the phosphonate moiety is 
too short (usually a linker of 5-6 atoms is required for the best antimalarial activity of 
ANPs).
119a 
Although the HPEP compounds were not found to be good inhibitors of the 




(S)-HPEPG 125 (Scheme 25). The guanine compounds bound more tightly to all 
three enzymes studied. At a value of 5.6 μM, the Ki for (S)-HPEPHx 124 (Scheme 
25) is comparable to that observed for the reaction products GMP (5.8 μM) and IMP 
(5.4 μM) with human HGPRT.
116a
 However, with a Ki of 0.02 μM for human 
HGPRT, compound 125 is one of the most potent inhibitors of human 6-oxopurine 
PRTase discovered to date. Only the acyclic immucillin phosphonates, with Ki values 
of 10.6 nM and 0.65 nM for Pf HGXPRT,
126
 the iminoribitols (1S)-1-(9-
deazahypoxanthin-9-yl)-1,4-dideoxy-1,4-imino-D-ribitol 5-phosphate (immucillin 
HP) and (1S)-1-(9-deazaguanin-9-yl)-1,4-dideoxy-1,4-imino-D-ribitol 5-phosphate 
(immucillin GP) with Ki values of 1 nM for Pf HGXRPT
127
 and a bisphosphonate 
with a Ki value of 10 nM for E. coli XGPRT
128
 have lower Ki values for their most 
preferred enzyme. 
(S)-CPEEHx 155 (Scheme 29) and (S)-CPEEG 156 (Scheme 29), and especially 
their methylesters 159 and 160 (Scheme 29), respectively, revealed potent inhibitory 
effects on human and Plasmodium enzymes. As in the case of HPEP derivatives, 
CPEE compounds were only weak inhibitors of Plasmodium enzymes, but showed 
interesting submicromolar activities on human enzymes.  
Xanthine derivative 126 (Scheme 25) was not active (it’s probably not able to 
bind to human or Plasmodium enzymes). Derivatives of the compound 125 modified 
in position C-8, namely compounds 162 and 166 (Scheme 30) also revealed no 
activity. It implies that 8-oxo derivative 166 is unlikely to bind because of the 8-oxo 
group. 8-Bromo derivative 162 displayed only weak activity on human enzyme. 
 
Table 5. Ki values of 6-oxopurine ANPs for human HGPRT, PfHGXPRT and 











 H 124 5.6 
a
NI 31 

















 H 155 200 6 12 
 NH2 156 0.2 1.5 2.5 
 H 159  0.9 
a
NI 32 
NH2 160 0.1 2 0.7 





All prepared prodrugs were tested on their antimalarial activity in erythrocyte cell 
culture assays. Masking the polar phosphonate group (compare mono-amidates with 
bis-amidates, Table 6) had a big effect on the antimalarial activity. The fact that 
guanine derivatives bound weakly to the Pf enzyme is reflected by the high IC50 
values though cell permeability and hydrolysis had to be considered. The fact that 
some inhibition of the growth of Pf was observed showed that the prodrug did cross 
into the cell and was hydrolysed to the active form which, though weak, was still 
able to have an effect on inhibition of the growth of Pf (Table 6). 
 
Table 6. Antimalarial activity of the prodrugs of the HPEP and CPEE analogues in 
erythrocyte cell culture assays. 




















H 169 695 799 523 
 
1000 
NH2 170 274±37 337±89 261±25 319±71 
H 167 103 133 76 
 
173 
NH2 168 70 101 22 132 
H 171 60±12 103±3 60±11 140±22 
NH2 172 54±8 85±25 51±5 115±22 
c
CQ - - 0.012±0.004 0.015±0.005 0.169±0.075 0.228±0.041 
       achloroquine sensitive bchloroquine resistant 
       cchloroquine 
 
The HPEP analogues with other nucleobases (adenine, 2,6-diaminopurine, 
cytosine, thymine, uracil), and the open-ring derivative, namely compounds 129, 
132, 137, 140, 143, and 145, respectively, were tested in standard antiviral assays 
(performed by Gilead Sciences, Inc.), but no interesting activity against HIV, HSV, 
and HCV was observed. 
3.3.8.1. Crystal structures of (S)-HPEPHx and (S)-HPEPG in complex with 
human HGPRT 
To determine the reasons for the difference in Ki values for compounds 124 and 
125 with human HGPRT, crystal structures of the complexes were determined to 2.3 
and 2.6 Å, respectively. Data collection and refinement statistics are presented in 
Table 9 (see part 5.1). In both crystal forms, the asymmetric unit is a tetramer of the 
enzyme. However, amino acid residues within the large mobile loop and at the N-




could be built into their respective electron density maps in all four subunits of both 
complexes (Fig. 27). As expected the purine ring and phosphonate group occupy the 
guanine (or hypoxanthine) site and 5’-phosphate site as observed when GMP (or 
IMP) is bound to the enzyme.   
In the complex with compound 124, the purine ring is held in place by hydrogen 
bonds to the side-chain of K165 and to the backbone carbonyl of V187 in all four 
subunits. An additional hydrogen bond is observed subunit A, where the amide 
nitrogen of V187 and N-1 atom of the purine ring form a hydrogen bond (Fig. 28a). 
Compound 125 has similar hydrogen bond network at the purine binding site but 
with an additional hydrogen bond between the carbonyl oxygen of V187 and N-2 
atom of the guanine base (Fig. 28b). The total contact area in comparing the 
conformation of the linker regions in the two compounds, the dihedral angle of the 
N9-C10-C11-O12 bond is on average, 27° for compound 124 and 49° for compound 
125. Thus, the flexibility of the linker is an important feature in optimizing the 
binding of compound 125 to human HGPRT. The equivalent dihedral angle N9-C1′-
C2′-C3′ for GMP is 85° when bound to human HGPRT. However, in GMP this angle 
is restricted due to the participation of the C-2 and C-3 atoms in the ribose ring.   
 
 
Figure 27. The 2Fo – Fc electron density for compounds 124 and 125 in complex 







Figure 28. The interactions of compounds 124 and 125 with human HGPRT  
(a, b). Connolly surface of human HGPRT showing the location of compounds 124 
and 125 (drawn as solid spheres) (c, d). 
 
3.3.8.2. The metal binding site and its relationship to the position of the 
inhibitors 
Magnesium ions are also present in the active site and located between E133 and 
D134 in all four subunits in both complexes. This is in contrast to the human 
HGPRT-GMP crystal structure, but in that study no Mg
2+
 was added to the enzyme 
preparation or to the crystallization buffer.
129
 However, the crystal structure of 
human HGPRT in complex with immucillinGP and pyrophosphate does show two 
magnesium ions bound in the active site with one of these coordinating directly to 
carboxylate groups of E133 and D134, and to the hydroxyl groups on the iminorbitol 
ring, while the second Mg
2+
 coordinates with D193 and an oxygen atom from 




coordination (distance < 2.5 Å) between the Mg
2+
 and the hydroxyl of compound 
125. However, compound 124 was found to interact directly with Mg
2+
 in one of the 
subunits of the complex HGPRT-125. 
In the HGPRT-124 complex, the magnesium ions are 6-coordinate with 
surrounding water molecules and OE2, OE1 atom of E133 and OD1 atom of D134 
were observed in all four subunits (Fig. 29). It is noted that for subunit B of human 
HGPRT-124 complex, the hydroxyl group of compound 124 interact directly with 
magnesium ion at the metal binding site causing distortion in magnesium 
coordination resulting in partial formation of octahedral geometry. In human 
HGPRT-125 complex, partial coordination of magnesium ion with surrounding 
molecules was observed. This can be due to lower resolution of the crystal structure.  
 
 
Figure 29. Superimposition of the four subunits of structures of compounds  







For studying a binding mode to human and plasmodial 6-oxopurine 
phosphoribosyltransferases, series of 6-oxo-purine ANPs bearing the CPME side 
chain (compounds 113 and 83g), the elongated HPEP side chain (compounds 124 
and 125) and the CPEE side chain (compounds 155, 156 and 159, 160) were 
prepared. 
Some of the target HPEP and CPEE analogues were found to be potent inhibitors 
of human HGPRT, PfHGXPRT, and PvHGPRT with Ki ranging from 0.02 to 3.4 
μM. The HPEP and CPEE derivatives possessing the hypoxanthine base (compounds 
124 and 159) exhibited no activity against PfHGXPRT, while the guanine derivatives  
(compounds 125, 156 and 160) revealed activity against all three enzymes tested. 
Contrary to our expectations, the inhibitors were selective toward the human HGPRT 
compared to Plasmodium enzymes. All prepared prodrugs (compounds 167-172) 
revealed poor antimalarial activity in vitro assay.  
Neither (S)-CPMEHx nor (S)-CPMEG showed any significant activity in the 
given assays. All new ANPs with the elongated acyclic chain (HPEP) were screened 





















3.4. Potential inhibitors of Adenylate cyclase 
3.4.1. Adenylate cyclase and PMEA analogues 
Adenylate cyclase (AC) is an enzyme catalyzing the conversion of ATP to 3‘,5‘-
cyclic AMP (cAMP) and pyrophosphate. AC constitues a family of membrane-bound 
enzymes central to one of the most important transduction systems and influence 
reagulation of cell function in virtually all cells.
130
 Class II AC are toxins secreted by 
pathogenic bacteria such as Bacillus anthracis and Bordetella pertussis during 
infection. Adefovir diphosphate (PMEApp), the active metabolite of adefovir 
dipivoxil 86 (Fig. 20), was found to inhibit adenylate cyclase activity of edema factor 
(EF) and adenylyl cyclase toxin (ACT).
131
 These are the key virulence factors which 
allows the bacterial (Bacillus anthracis and Bordetella pertussis, respectively) 
invasion into the mammalian body (Fig. 30).  
 
Figure 30. a) The catalysis of the transformation of ATP to cAMP by AC Toxin;  
b) The inhibition of AC Toxin by PMEApp. 
 
Based on previous studies it was attempted to elucidate, whether the substitution 
at the position C-2’ of the acyclic chain of PMEA 30 (Fig. 11) and/or elongation of 
the phosphonate linker can improve the biological activity against adenylate cyclase 
toxin (ACT). All derivatives bearing adenine prepared within this thesis were used 




with carboxyl moiety in the 2‘-position (S)-CPEEA 174 and the corresponding amide 
176 is depicted in Scheme 32. 
 
Scheme 32. Reaction conditions: i) TEMPO, NaClO2, NaClO, phosphate 
buffer/MeCN (1:1), r.t., 24 h; ii) TMSBr, MeCN, r.t., overnight; iii) 3.5 M NH3 in 
EtOH, microwave, 120 °C, 1 h. 
3.4.2. Biological results - conclusion 
Compounds 174 and 176 were tested on the adenylate cyclase toxin inhibition. As 
mentioned above, all of the tested 2’-substituted PMEA compounds (including (S)-
CPMEA and its prodrugs) and 2’-substituted PEEA derivatives were shown to be 
only weak inhibitors of this enzyme.   










3.5. Synthesis of oligonucleotides modified with HPEP 
units 
3.5.1. Introduction 







) are in the spotlight of scientists for 
more than thirty years. The potential of gene therapy was demonstrated for the first 
time in 1978 by using antisense oligonucleotides (AONs), complementary to the 
terminal sequence of RSV (Rous sarcoma Virus), to inhibit viral replication in 
vitro.
135
 AONs in general are able to bind to the target mRNAs by Watson-Crick 
pairing. They either inhibit protein translation by blocking ribosome processing or, 
alternatively, activate the ubiquitous RNase H-mediated cleavage of the RNA strand 
of the formed heteroduplex. Chemical modifications of the natural phosphodiester 
linkage to increase the stability of the modified oligonucleotides against nucleases 
became a very important strategy in development of therapeutics based on the 
antisense principle.  So far there is one approved drug, fomivirsen
136
 (brand name 
Vitravene), a 21 nt oligonucleotide with phosphorothioate linkages (5’-GCG TTT 
GCT CTT CTT CTT GCG-3’, FDA approved in 1998), which had been used in the 
treatment of HCMV-induced retinitis,
137,138
 but there is also several promising drug 
candidates in various stages of clinical trials (e.g. mipomersen
139
 for the treatment of 
familial hypercholesterolemia, which recently passed phase III; lexgenleucel-T 
(VRX-494)
140
 for the treatment of HIV, which passed phase II or trabedersen
141
 for 
the treatment of highly aggressive tumors, which is currently planned for phase II). 
siRNAs are short (20-25 units) double stranded RNAs which interfere with a 
complementary sequence of a specific gene. Although the use of siRNAs in therapy 
lies in the distant future, as a proof-of-concept siRNA has been found to be very 
effective against lethal zaire ebola virus.
142
 
Aptamers are oligonucleotide- or peptide-based molecules designed to specifically 
bind to a target. Pegaptanib
143
 (FDA approved in 2004) is an anti-angiogenic aptamer 
used for the treatment of age-related macular degeneration. Aptamers can also be 
used for molecular recognition outside the field of clinical medicine.
144
 
Another option how to increase the chemical and enzymatic stability of 
oligonucleotides is the replacement of phosphodiester internucleotide linkage with an 




modification presumably does not block the formation of a duplex was substantiated 
by the hybridization experiments.
145,146
 Furthemore, a series of oligonucleotide-based 
HIV-1 integrase inhibitors with phosphonate modification has been described.
147
  
This part of my thesis deals with design and synthesis of building blocks based on 
ANPs with 9-[3-hydroxy-2-(phosphonoethoxy)propyl] (HPEP) moiety, the solid 
phase synthesis of chimeric oligonucleotides containing acyclic nucleoside 
phosphonate units, and study on their hybridization properties. 
3.5.2. Synthesis of protected HPEP monomers 
The desired suitably protected HPEP monomers with adenine, cytosine, guanine 
and thymine bases were prepared by multistep synthesis from the corresponding 
HPEP derivatives. The crucial synthetic steps included dimethoxytritylation of the 
3’-hydroxyl group, removal of the ethyl ester groups with TMSBr and subsequent 
esterification of free phosphonic acid with 4-methoxy-1-oxido-2-pyridylmethanol 
(MOP-OH) in the presence of 2-chloro-5,5-dimethyl-1,3,2-dioxaphosphinane-2-
oxide as the condensing agent. 
The adenine monomer 181 was prepared according to Scheme 33. In the first step, 
starting compound 128 [(S)-HPEPA diethylester, synthesis described in part 3.3.4.] 
was protected with benzoyl group to afford N-benzoyl derivative 177. Its treatment 
with dimethoxytrityl chloride in pyridine resulted in fully protected phosphonate 178. 
Compound 178 was subjected to the transesterification using TMSBr in the presence 
of 2,6-lutidine followed by neutralization with 1 M TEAB which provided protected 
phosphonic acid 179 in the form of triethylammonium salt. The final reaction 
consisted of two separate steps. The first step was condensation of compound 179 
with MOP-OH in the presence of 2-chloro-5,5-dimethyl-1,3,2-dioxaphosphinane-2-
oxide under the catalysis of 4-methoxy pyridine 1-oxide (the formation of compound 
180 was monitored only on TLC, the product was not isolated nor fully 
characterized). The second step included treatment with the mixture of thiophenol, 
triethylamine and DMF (1:1.4:2, respectively) to obtain (after purification by silica 
gel chromatography and lyophilisation from water/dioxane) mono(4-methoxy-1-N-





Scheme 33. Reaction conditions: i) 1. TMSCl, BzCl, 2. NH3 (aq), pyridine, 0 °C, r.t., 
2 h; ii) DMTrCl, pyridine, r.t., overnight; iii) 1. 2,6-lutidine, 2. TMSBr, MeCN, r.t., 
overnight; iv) 1. 2-(hydroxymethyl)-4-methoxypyridine 1-oxide, 4-methoxypyridine 
1-oxide, 2. 2-chloro-5,5-dimethyl-1,3,2-dioxaphosphinane 2-oxide, pyridine, r.t., 
overnight; v) PhSH, Et3N, DMF, r.t., 1 h. 
 
The thymine monomer 186 was synthesized by the analogous procedure as 
described above with the only difference. It was not necessary to protect the thymine 
base during the synthesis. Starting (S)-HPEPT derivative 138 (Scheme 27, the 
preparation is described in part 3.3.4) was heated in aqueous trifluoroacetic acid 
overnight and the demethylated product 182 was obtained in a good yield. Following 
steps were identical with those described above for the synthesis of compound 181. 





Scheme 34. Reaction conditions: i) 75 % aqueous CF3COOH, 50 °C, overnight,  
ii) DMTrCl, pyridine, r.t., overnight; iii) 1. 2,6-lutidine, 2. TMSBr, MeCN, r.t., 
overnight; iv) 1. 2-(hydroxymethyl)-4-methoxypyridine 1-oxide, 4-methoxypyridine 
1-oxide, 2. 2-chloro-5,5-dimethyl-1,3,2-dioxaphosphinane 2-oxide, pyridine, r.t., 
overnight; v) PhSH, Et3N, DMF, r.t., 1 h. 
 
In the case of guanine monomer 191 (Scheme 35), N-iso-butyryl group was used 
(instead of the N-benzoyl group) for protection of N-2 position of the guanine base 
resulting in compound 187. Reaction conditions were analogous to those described 
for N-benzoylation. Following reaction sequence (including dimethoxytrytilation, 
deprotection of phosphonate moiety and condensation with 2-(hydroxymethyl)-4-






Scheme 35. Reaction conditions: i) 1. TMSCl, iso-butyryl chloride, 2. NH3 (aq), 
pyridine, 0 °C - r.t., 4 h; ii) DMTrCl, pyridine, r.t., overnight; iii) 1. 2,6-lutidine,  
2. TMSBr, MeCN, r.t., overnight; iv) 1. 2-(hydroxymethyl)-4-methoxypyridine 1-
oxide, 4-methoxypyridine 1-oxide, 2. 2-chloro-5,5-dimethyl-1,3,2-dioxaphosphinane 
2-oxide, pyridine, r.t., overnight; v) PhSH, Et3N, DMF, r.t., 1 h. 
 
For the synthesis of cytosine monomer 195 (Scheme 36) N-benzoylcytosine 
derivative 135 was used as the starting material. The procedure was analogous to the 
previous paragraph and resulted in MOP phosphonate 195 in a satisfactory yield 





Scheme 36. Reaction conditions: i) DMTrCl, pyridine, r.t., overnight; ii) 1. 2,6-
lutidine, 2. TMSBr, MeCN, r.t., overnight; iii) 1. 2-(hydroxymethyl)-4-methoxy- 
pyridine 1-oxide, 4-methoxypyridine 1-oxide, 2. 2-chloro-5,5-dimethyl-1,3,2-dioxa- 
phosphinane 2-oxide, pyridine, r.t., overnight; iv) PhSH, Et3N, DMF, r.t., 1 h. 
 
3.5.3. Synthesis of oligonucleotides 
The phosphotriester and phosphoramidite methods were used for the solid phase 
incorporation of nucleoside phosphonates and natural nucleotide units, respectively. 
The oligonucleotide assembly was performed from the 5' to the 3'-end using 
commercial reverse nucleoside phosphoramidites. The deprotection protocol 
included thiophenol and gaseous ammonia treatments to remove the MOP ester 
groups and all base-labeled protecting groups, respectively. All prepared 
oligonucleotides were purified by anion exchange chromatography. Thus, a series of 
DNA and RNA nonamers containing the units based on ANPs were successfully 
prepared (Fig. 31) and thermal stabilities of DNA-DNA, RNA-DNA, and RNA-RNA 
duplexes have been evaluated (Tables 7 and 8). The introduction of flexible acyclic 






5'-r(GCA UAU CAC)-3' 
5'–r(GTG ATA TGC)-3' 
 
5'-d(GCA TAT CAC)-3' 
5'–d(GTG ATA TGC)-3' 
Figure 31. Nonamers modified with HPEP unit. 
 
Table 7. Melting points of the prepared oligonucleotides.            
Data Name Tm 
Sample 1  5.00-60.00°C Ramp 2  19.0 
Sample 2  5.00-60.00°C Ramp 2  13.0 
Sample 3  5.00-60.00°C Ramp 2  19.1 
Sample 4  5.00-60.00°C Ramp 2  15.1 
Sample 5  5.00-60.00°C Ramp 2  10.3 
Sample 6  5.00-60.00°C Ramp 2  10.0 
Natural DNA-DNA 36.9 
Natural DNA-RNA 34.7 













Table 8. Prepared nonamer sequences. 
DNA/RNA SEQUENCE Sample 
natural RNA 5'-r(GUG AUA UGC) 
1 
modified RNA 5'-r(GCA UAU CAC) 
   
natural RNA 5'-r(GCA UAU CAC) 
2 
modified RNA 5'-r(GTG ATA TGC) 
   
natural RNA 5'-r(GUG AUA UGC) 
3 
modified DNA 5'-d(GCA TAT CAC) 
   
natural DNA 5'-d(GTG ATA TGC) 
4 
modified DNA 5'-d(GCA TAT CAC) 
   
natural RNA 5'-r(GCA UAU CAC) 
5 
modified DNA 5'-d(GTG ATA TGC) 
   
natural DNA 5'-d(GCA TAT CAC) 
6 
modified DNA 5'-d(GTG ATA TGC) 
 
3.5.4. Conclusion 
Two acyclic nucleoside phosphonates bearing HPEP moiety with adenine and 
thymine nucleobases were synthetically converted into a suitable building blocks for 
the subsequent automated solid phase synthesis of modified oligonucleotides. 
Phosphoramidite chemistry was used for the synthesis of a series of complementary 
nonamers where the modified acyclic monomers were incorporated using the 
phosphotriester method. Determination of thermal characteristics of the complexes of 
the modified nonamers with the complementary strands revealed a destabilizing 
effect of the introduced acyclic modifications. 
In near future, the prepared monomers will be used for synthesis of HPEP 
modified siRNA and their biological properties will be studied in cooperation with 






This thesis represents a part of systematic SAR research of acyclic nucleoside 
phosphonates (ANPs) carried out in the group of Nucleic acid chemistry (Prof. A. 
Holý) and later in the group of the Targeted analogues of nucleic acid components 
(Dr. Z. Janeba) at the IOCB. One of the main goals of this work was to synthesize 
(S)-CPMEA 83a [(S)-3-(adenin-9-yl)-2-(phosphonomethoxy)propanoic acid, Fig. 
19]. This compound has been designed as a compound with potential anti-HIV 
activity. The key step of the (S)-CPMEA synthesis was oxidation of (S)-HPMPA 
derivative 84a using TEMPO/NaClO2/NaClO to give compound 85a in a high yield. 
Subsequently, the whole series of CPME derivatives 85 was prepared in good to high 
yields from the corresponding HPMP analogues 84 by the optimized oxidative 
methodology with TEMPO. Unfortunately, none of the newly synthesized CPME 
compounds, including the most promising (S)-CPMEA, did show any interesting 
activity against the viruses tested. 
Synthetic strategies leading to prodrugs of (S)-CPMEA have been developed and 
optimized. The intention was to prepare several structurally different types of 
prodrugs, which had been designed to mask the phosphonate and/or carboxylic 
groups in the molecule. The prepared prodrugs were evaluated for their antiviral 
properties. Prodrugs 101 and 102 displayed submicromolar anti-HCV activity. To the 
best of our knowledge, these are the first examples of ANPs to exhibit potent activity 
against HCV. None of the prodrugs exhibited any interesting activity against the 
HIV-1 virus. 
6-Oxopurine ANPs bearing either CPME (compounds 113 and 83g) or elongated 
HPEP (compounds 124 and 125) and CPEE (compounds 155, 156 and 159, 160) side 
chains were prepared and studied for their inhibitory potential on human and 
plasmodial phosphoribosyltransferases. Some of HPEPG and CPEE analogues were 
found to be potent inhibitors of human HGPRT, PfHGXPRT, and PvHGPRT with Ki 
ranging from 0.02 to 3.4 μM. The HPEP and CPEE derivatives bearing the 
hypoxanthine base (compounds 124 and 159) exhibited no activity against 
PfHGXPRT, while guanine derivatives (compounds 125, 156 and 160) revealed 




HPEP and CPEE derivatives have interesting antimalarial potential and should be 
further modified in order to obtain analogues with better activity and/or selectivity 
towards the plasmodial HG(X)PRTs. (S)-HPEPG 125 with a Ki of 0.02 μM for 
human HGPRT is one of the most potent inhibitors of the 6-oxopurine PRTase based 
on nucleotide analogues discovered to date. All prepared prodrugs (compounds 167-
172) revealed poor anatimalarial activity in vitro. Neither (S)-CPMEHx nor (S)-
CPMEG showed any significant activity in the given assays. All new ANPs with the 
elongated acyclic chain (HPEP) were screened for their antiviral activity however 
none of them exhibited any. 
All prepared compounds bearing the adenine base [(S)-CPMEA 83a and its 
prodrugs, (S)-HPEPA 129, (S)-CPEEA 174 and its amide 176] were tested for 
inhibitory activity of adenylate cyclase toxin from Bordetella pertussis (CyaA), but 
were shown to be only weak inhibitors of this enzyme. The best inhibitor was bis-
amidate 101, which decreased the formation of cAMP to 68% compared to the full 
(100%) activity of CyaA. 
Apart from the previous topics, it was also intended to employ the HPEP 
intermediates (123, 128, 135, and 138) in the preparation of monomers and used 
these compounds in the preparation of novel oligonucleotides modified with HPEP 
units. Two acyclic nucleoside phosphonates bearing HPEP moiety with either 
adenine or thymine as nucleobase were synthetically converted into a suitably 
protected building blocks for the subsequent automated solid phase synthesis of 
modified oligonucleotides. Phosphoramidite chemistry was used for the synthesis of 
a series of complementary nonamers where the modified acyclic monomers were 
incorporated using the phosphotriester method. Determination of thermal 
characteristics of the complexes of the modified nonamers with the complementary 
strands revealed a destabilizing effect of the introduced acyclic modifications. 
Remaining two prepared monomers bearing guanine and cytosine have been 









5. Experimental part 
5.1. General – instrumentation and methods 
 
Methods  
Unless stated otherwise, solvents were evaporated at 40 °C/2 kPa, and compounds 
were dried in vacuum oven at 2 kPa. TLC was performed on TLC aluminium sheets 
– silica gel 60 F254 (Merck), chromatographic systems are described in the text. 
Column chromatography was performed on silica gel 230-400 mesh, 60 Å (Merck). 
Reverse phase HPLC separation were performed on a Waters Delta 600 instrument 
with a Waters 486 Tunable Absorbance Detector using column Phenomenex Gemini 





NMR spectra were measured on a Bruker Avance 600 spectrometer (
1
H at 600 MHz 
and 
13
C at 151 MHz) and/or Avance 500 spectrometer (500 Mhz and 126 MHz) in 
CDCl3, CD3OD, DMSO-d6 or D2O-(NaOD additive) and referred to TMS or residual 
solvent signal. Complete assignment is based on heteronuclear correlation 
experiments HSQC and H, C-HMBC. Chemical shifts () are in ppm and coupling 
constants (J) in Hz. A numbering system for the assignment of NMR signals is given 
for the majority of the compound individually. GC/MS spectra were measured on 
Agilent 5975B MSD spectrometer coupled to 6890N gas chromatograph. Mass 
spectra were measured: a) on Q-Tof micro (Waters) using ESI technique; b) on LTQ 
Orbitrap XL (Thermofisher scientific) spectrometer using ESI technique; c) on a 
ZABEQ (VG Analytical) spectrometer using FAB (ionization by Xe, accelerating 
voltage 8 kV, glycerol matrix). Optical rotations were measured on an AUTOPOL 







] and concentrations c are given in [g/100 mL]. Microwave experiments were 
carried out in 10 mL vial in CEM Discover (Explorer) microwave apparatus operated 
at a frequency of 2.45 GHz with continuous irradiation power from 0 to 300W. 
 
Materials and solvents  
Unless stated otherwise, reagents and starting compounds were purchased from 





The docking studies (Figure 20) were performed with the ArgusLab
148
 program 
with the use of the ‘ArgusDock’ algorithm. An exhaustive search was performed by 
enabling ‘High precision’ option in Docking precision menu, ‘Dock’ was chosen as 
the calculation type, ‘flexible’ for the ligand. Spacing of 0.2 Å between the grid 
points was used. The atomic co-ordinates for the X-ray structures of the HIV-1 RT-
DNA complexes after incorporation of the anti-HIV drug tenofovir were downloaded 
from the Protein Data Bank (PDB code: 1T05).
93
 The final inhibitor – protein 




Synthesis of oligonucleotides  
The synthesis of oligonucleotides by method “trityl off” was carried out by Dr. 
Pavel Novák and thermal characteristics of prepared nonamers were measured by Dr. 
Šárka Rosenbergová (both members of group of Dr. Ivan Rosenberg at IOCB). 




Data collection and refinement statiscics for human HGPRT in complex with 
compounds 124 and 125. 
compound     124      125 
Data collection   
Temperature (K) 100 100 
Unit cell length (Å) 
a = 64.53 
b = 94.31 
c = 139.3 
a = 74.27 
b = 93.28 
c = 129.88 
Unit cell angle (°) α = β = γ =  90 α = β = γ =  90 
Space group P 21 21 21 P 21 21 21 
Resolution range 53.3-2.30 46.64-2.61 
Unique reflections [I>  0σ I] 34,663 (3,185)
a
 27,248 (3,277) 
Total observations [I> 0σI] 143,334 (13,215) 153,376 (18,320) 
Completeness (%) 90.4 (86.1) 97.3 (97.2) 




Rpim x.xxx (x.xxx) x.xxxx (x.xxx) 
<I>/<σ(I)> 12.9 (2.2) 10.4 (2.2) 
Subunits per asymmetric unit 4 4 
Refinement   
Resolution range (Å) 47.33-2.30 46.64-2.61 
Rfactor [F> 0σ (F)] 22.28 20.86 
Rfree [F> 0σ (F)] 28.73 26.87 
Average B-factor (Å) 42.57 45.96 
RMS deviation from ideal   
Bond length (Å) 0.007 0.003 
Bond angle (°) 1.15 0.844 
Ramachandran plot statistics   
Residues in most favored 
regions (%) 
95.6 95.1 
Residues in disallowed 
regions (%) 
0 1.5 
Missing residues  
A subunit: 1-3, 103-120 
B subunit: 1-3, 102-119 
C subunit: 1-3, 104-118 
D subunit: 1-3, 102-118 
 
A subunit: 1-3, 101-121 
B subunit: 1-3, 101-122 
C subunit: 1-3, 101-120 
D subunit: 1-3, 101-121 
 
Side chains modeled as 
alanine 
B subunit:  
D89, I92, K140, Q151, 
T167, R169 
 
C subunit:  
 
K140, T210, K212 
 
D subunit:  
K140 
A subunit:  
I23, R33, L67, K68 
 
B subunit:  
R33, S91, K174, N202 
 
C subunit:  
E29, D89, K214 
 
D subunit:  
E29, D89 
a








where Ii(hkl) is the observed intensity and  is the average intensity obtained from 
multiple observations of symmetry related reflections. 
 
Table 10.  
Dihedral angels between N-9 atom and oxygen linker of oxygen-linker acyclic 




Atom 1 Atom 2 Atom 3 Atom 4 Dihedral 
angle (°) 
124 A N9 C10 C11 O12 6.17 
124 B N9 C10 C11 O12 24.75 
124 C N9 C10 C11 O12 40.85 
124 D N9 C10 C11 O12 36.81 
124 A C10 C11 O12 C13 130.58 
124 B C10 C11 O12 C13 128.55 
124 C C10 C11 O12 C13 145.57 
124 D C10 C11 O12 C13 157.54 
124 A C11 O12 C13 C14 167.50 
124 B C11 O12 C13 C14 -136.35 
124 C C11 O12 C13 C14 151.34 
124 D C11 O12 C13 C14 178.96 
124 A O12 C13 C14 P17 162.55 
124 B O12 C13 C14 P17 179.86 
124 C O12 C13 C14 P17 157.77 
124 D O12 C13 C14 P17 166.03 
125 A N9 C10 C11 O12 30.97 
125 B N9 C10 C11 O12 59.13 
125 C N9 C10 C11 O12 47.34 




125 A C10 C11 O12 C13 93.23 
125 B C10 C11 O12 C13 157.85 
125 C C10 C11 O12 C13 139.03 
125 D C10 C11 O12 C13 90.96 
125 A C11 O12 C13 C14 157.15 
125 B C11 O12 C13 C14 142.32 
125 C C11 O12 C13 C14 148.64 
125 D C11 O12 C13 C14 -120.23 
125 A O12 C13 C14 P17 174.14 
125 B O12 C13 C14 P17 105.53 
125 C O12 C13 C14 P17 121.84 
125 D O12 C13 C14 P17 -149.82 
PEEG A N9 C10 C11 O12 52.05 
PEEG B N9 C10 C11 O12 48.33 
PEEG A C10 C11 O12 C13 78.69 
PEEG B C10 C11 O12 C13 89.10 
PEEG A C11 O12 C13 C14 131.95 
PEEG B C11 O12 C13 C14 165.84 
PEEG A O12 C13 C14 P15 144.18 
PEEG B O12 C13 C14 P15 163.57 
PEEH A N9 C10 C11 O12 48.36 
PEEH B N9 C10 C11 O12 66.41 
PEEH A C10 C11 O12 C13 91.31 
PEEH B C10 C11 O12 C13 51.82 
PEEH A C11 O12 C13 C14 123.72 
PEEH B C11 O12 C13 C14 176.69 
PEEH A O12 C13 C14 P15 143.45 
PEEH B O12 C13 C14 P15 -174.04 
HPMPG A N9 C10 C11 O12 42.62 
HPMPG B N9 C10 C11 O12 8.71 
HPMPG A C10 C11 O12 C13 151.59 
HPMPG B C10 C11 O12 C13 -165.11 
HPMPG A C11 O12 C13 P16 -151.63 








Number of H bond with 
surrounding amino 
residues 
Number H bond with  
surrounding water 
molecule 
Total H bonds 
124 A 9 5 14 
124 B 7 2 9 
124 C 8 2 10 
124 D 9 2 11 
125 A 8 2 10 
125 B 10 1 11 
125 C 10 2 12 
























5.2. General methods 
Method A: Synthesis of the N-benzoyl derivatives  
Starting HPMP or HPEP derivative (1.5 mmol) was dissolved in dry pyridine  
(20 mL) in a round-bottomed flask with a drying tube (protecting the reaction from 
moisture), and the reaction mixture was cooled in an ice bath. TMSCl (0.95 mL,  
7.5 mmol) was added to the reaction mixture and after 30 min benzoyl chloride  
(0.87 mL, 7.5 mmol) was added. The reaction flask was removed from the ice bath 
and the mixture was stirred for 2 h at room temperature. Then the reaction mixture 
was cooled in an ice bath and cold water (4 mL) was added, followed after 15 min of 
stirring by concentrated aqueous ammonia (4 mL). The mixture was stirred at room 
temperature for another 30 min and solvents were removed in vacuo to give crude 
oil. This was subjected to silica gel chromatography (gradient from 0-5% methanol 
in chloroform) to afford (after evaporation) the corresponding products as a thick 
yellowish oil. 
 
Method B: Oxidation of HPMP or HPEP diesters with TEMPO/NaClO2/NaClO 
The corresponding HPMP or HPEP diester (1.0 mmol), TEMPO (47 mg,  
0.3 mmol), sodium chlorite (226 mg, 2 mmol) were dissolved in the mixture of 
acetonitrile (10 mL) and 0.67 M aqueous sodium phosphate buffer (10 mL, pH 6.7) 
and an aqueous solution of sodium hypochlorite (40.7 mg/mL), prepared by dilution 
of household bleach SAVO (1 mL) with water (1 mL), was added dropwise. The 
mixture was stirred at room temperature overnight. Solvents were evaporated and the 
residue was purified by silica gel chromatography (gradient from 2-25% methanol in 
chloroform) to afford (after evaporation) the crude product. Crystallization from 
ethyl acetate/methanol gave the corresponding CPME or CPEE derivatives in high 
yields. 
 
Method C: Removal of benzoyl group 
1.0 M sodium methanolate (2 mmol, 2 mL) was added to a solution of the  
N-benzoyl derivative (1 mmol) in methanol (10 mL). After stirring at room 
temperature for 24 h, the reaction mixture was neutralized with glacial acetic acid. 
Solvents were evaporated and the residue was codistilled with toluene (2 x 10 mL) 
and ethanol (2 x 10 mL). Chromatography on silica gel column (gradient 5 - 20% 




Method D: Deprotection of diethyl or diisopropyl esters to free phosphonic acids 
D1: Deprotection with TMSBr: The appropriate diester (0.5 mmol) was dissolved 
in acetonitrile (10 mL) and TMSBr (1 mL) was added dropwise. The mixture was 
stirred overnight and evaporated to dryness. Residue was codistilled with acetonitrile 
(3 x 20 mL), water (2 x 10 mL) and evaporated in vacuo. Crude product was 
crystallized from the ethanol/water mixture or further purified by method E. 
D2: Deprotection in microwave: A solution of the appropriate diester (0.5 mmol) 
in 0.5 M aqueous hydrochloric acid (2 mL) was heated in a microwave at 140 °C for 
30 min. Volatiles were evaporated, the residue was dissolved in water (1 mL) and the 
product was purified by method E. 
 
Method E: Purification of free phosphonic acids 
Crude phosphonic acid was dissolved in water and purified by preparative HPLC. 
Product was eluated by linear gradient from 2-80% methanol in water. UV absorbing 
fractions containing product were collected and evaporated in vacuo. Compounds 
were then crystallized from the water/ethanol mixture. 
 
Method F: Synthesis of phosphoramidate prodrugs (L-alanine ethylester) 
A mixture of corresponding diisopropyl ester (0.5 mmol), dry acetonitrile  
(10 mL), and TMSBr (0.5 mL) was stirred overnight at room temperature under 
argon. After evaporation (without any contact with air) in vacuo (40 °C, 2 mbar) and 
codistillation with dry acetonitrile (2 x 10 mL) (without any contact with air), the 
flask was resecurated with argon and L-alanine ethylester hydrochloride (2 mmol), 
dry triethylamine (1.5 mL), and dry pyridine (5 mL) were added and the mixture was 
heated at 50 °C for 15 min to obtain a homogenous solution. A solution of Aldrithiol-
2 (3 mmol) and triphenylphosphine (3 mmol) in 6 mL of dry pyridine was added 
under argon. The resulting mixture was heated at 50 °C for 5 hours to reach the full 
conversion. After cooling, the bright yellow solution was evaporated (40 °C,  
2 mbar), and the residue was purified by silica gel chromatography (0-7% methanol 
in chloroform) to afford (after evaporation and codistillation with dry acetone)  






Method G: Synthesis of the 6-chloropurine derivatives from phosphonate 
alcohols under Mitsunobu reaction conditions. 
A solution of DIAD (2.95 mL, 15 mmol) in dioxane (50 mL) was added dropwise 
under argon atmosphere to a mixture of alcohol (7, 9b, 12) (10 mmol), 6-
chloropurine (2.0 g, 13 mmol), and Ph3P (3.41 g, 13 mmol) in dioxane (150 mL) and 
the reaction mixture was stirred at room temperature for 24 h. When the reaction was 
completed, solvents were removed in vacuo and the residue was purified by silica gel 
chromatography (gradient from 20-100% ethyl acetate in iso-hexanes and 0-6% 
methanol in ethyl acetate). 
 
Method H: Synthesis of the 2-amino-6-chloropurine derivatives from 
phosphonate alcohols under the Mitsunobu reaction conditions. 
The procedure is identical with the procedure E, only 2-amino-6-chloropurine was 
used (instead of 6-chloropurine). When the reaction was completed, water was added 
(50 mL) and the reaction mixture was stirred at 80 °C for 6 h (to remove 
triphenylphosphine aducts). The mixture was evaporated and the residue was purified 
by silica gel chromatography (gradient from 20-100% ethyl acetate in iso-hexanes 
and 0-12% methanol in ethyl acetate). 
 
Method I: Sequential hydrolysis of the 6-chloropurine derivatives to the 
corresponding 6-oxopurine phosphonates using DABCO 
The 6-chloropurine derivative (1 mmol) was dissolved in mixture of dioxane  
(100 mL) and water (20 mL), DABCO (0.8 mmol) and potassium carbonate  
(1 mmol) were added. The reaction mixture was heated at 90 °C for 3-5 h. After 
cooling down, volatiles were evaporated and the crude residue was purified by silica 
gel chromatography to give the corresponding product. 
 
Method J: Sequential hydrolysis of the 6-chloropurine derivatives to the 
corresponding 6-oxopurine phosphonates using trifluoroacetic acid 
The 6-chloropurine derivative (1 mmol) was dissolved in trifluoroacetic acid 
(75%, 15 mL) and the mixture was stirred overnight. Volatile materials were 
evaporated in vacuo, the residue codistilled with water (3 x 10 mL) and neutralized 




residue was purified by silica gel chromatography (gradient from 1-12% methanol in 
chloroform) to give the corresponding product. 
 
Method K: Removal of benzyl group 
The corresponding derivative (2 mmol) was dissolved in glacial acetic acid  
(120 mL) and a flask was purged with argon and evacuated (3 times). Catalytic 
amount of 10% palladium on carbon under argon atmosphere was added. The flask 
was evacuated and purged with hydrogen (3 times) and the mixture was vigorously 
stirred at room temperature until the reaction was completed (~ 3 days). The reaction 
mixture was filtered through short silica gel column and the filter pad was washed 
with acetic acid (50 mL) and methanol (50 mL). The filtrate was evaporated and a 
crude product was purified by silica gel chromatography (gradient from 2-12% 
methanol in chloroform) to afford the corresponding product. 
 
Method L: Synthesis of phosphoramidate prodrugs (L-phenylalanine ethylester) 
A mixture of an appropriate compound (0.5 mmol), dry acetonitrile (10 mL), and 
TMSBr (0.5 mL) was stirred overnight at room temperature under inert atmosphere. 
After evaporation (without any contact with air) in vacuo (40 °C, 2 mbar) and 
codistillation with dry acetonitrile (2 x 10 mL) (without any contact with air), the 
flask was securated with argon and L-phenylalanine ethylester hydrochloride  
(3 mmol), dry triethylamine (1.5 mL), and dry pyridine (4 mL) were added and the 
mixture was heated at 60 °C for 7 min. A solution of Aldrithiol-2 (4 mmol) and 
triphenylphosphine (4 mmol) in 5 mL of dry pyridine was added under argon. The 
resulting mixture was heated at 70 °C for 3 days to reach the full conversion. After 
cooling, the dark brown solution was evaporated (40 °C, 2 mbar), and the residue 
was purified by silica gel chromatography (methanol in chloroform) to afford (after 
evaporation) the crude product which was purified by flash chromatography on C18- 
reversed phase silica gel (0-100% methanol in water) to give (after evaporation and 
codistillation with dry acetone) the corresponding compound as a yellowish foam. 
 
Method M: Protecting of the hydroxyl moiety with 4,4’-dimethoxytrityl group 
4,4’-Dimethoxytrityl chloride (1.02 g, 3 mmol) was added to the corresponding 
derivative (2 mmol) dissolved in dry pyridine (40 mL) and the reaction mixture was 




purified by silica gel chromatography (gradient from 50-100% chloroform in iso-
hexanes with 0.1% Et3N) to give (after evaporation) the corresponding product as a 
white foam. 
 
Method N: Selective deprotection of the phosphonate moiety 
The corresponding derivative (1.6 mmol) was co-evaporated with acetonitrile (3 x 
30 ml) and dissolved in dry acetonitrile (30 ml). 2,6-Lutidine (1.85 mL, 16 mmol) 
and TMSBr (1.06 mL, 8 mmol) were added under argon. The reaction mixture was 
stirred at room temperature under argon overnight. Acetonitrile was removed  
in vacuo, the residue was dissolved in the mixture of aqueous 2 M TEAB and 
methanol, and the volatiles were evaporated. The residue was purified by silica gel 
chromatography (linear gradient of H1 in ethyl acetate with 0.1% Et3N) to give (after 
lyophilisation from dioxane) the corresponding product as a white solid. 
 
Method O: Condensation with 2-(hydroxymethyl)-4-methoxypyridine 1-oxide 
(MOP) followed by selective deprotection to monoester 
A mixture of corresponding phosphonic acid (1 mmol), 2-(hydroxymethyl)-4-
methoxypyridine 1-oxide (466 mg, 3 mmol) and 4-methoxypyridine 1-oxide  
(626 mg, 5 mmol) was co-distilled with dry pyridine (3 x 20 mL) and dissolved in 
dry pyridine (30 mL) under argon. Then 2-chloro-5,5-dimethyl-1,3,2-dioxa- 
phosphinane 2-oxide (923 mg, 5 mmol) was added, and the reaction mixture was 
stirred at room temperature under argon overnight. Pyridine was removed in vacuo 
and a residue was co-distilled with dry dioxane (3 x 20 mL). The crude residue was 
not further purified and the corresponding intermediate was not isolated and 
characterized. The the dark brown residue was dissolved in a mixture of thiophenol 
(2.3 mL), Et3N (3.2 mL) and DMF (4.5 mL) and the reaction mixture was stirred at 
room temperature for 1 h. The reaction mixture was subjected to silica gel 
chromatography (linear gradient of H1 in ethyl acetate with 0.1% Et3N) to give (after 















From compound 84g (605 mg, 1.5 mmol) 
according to method A; afforded 350 mg (yield 
69%) of compound 84i as a yellowish solid 





 m/z (%) 508 (15, M+H
+





m/z calcd for C22H31O7N5P (M+H
+
) 508.1956, found 508.1954. 
1
H NMR (DMSO-d6) 










diaminopurine (84j)  
From compound 84h (604 mg, 1.5 mmol) 
according to method A; afforded 430 mg (yield 
70%) of compound 84j as a thick yellowish oil; 
1
H NMR (DMSO-d6) : 11.16 (s, 1H, NH), 
11.01 (s, 1H, NH), 8.31 (s, 1H, H-8), 8.06 (m, 
2H, H-2‘‘), 7.99 (m, 2H, H-2‘‘), 7.50 – 7.66 (m, 6H, H-3‘‘, H-4‘‘), 5.04 (t, JOH-3’a = 
JOH-3’b = 5.7 Hz, 3’-OH), 4.44 – 4.56 (m, 3H, H-1’a, CH-ipr), 4.35 (dd, Jgem = 14.7 
Hz, J1’b-2‘ = 6.4 Hz, 1H, H-1’b), 3.89 – 3.94 (m, 3H, H-2‘, H-4’), 3.50 (m, 1H, H-
3‘a), 3.43 (m, 1H, H-3‘b), 1.20 (d, JCH3-CH = 6.2 Hz, 3H, CH3-ipr), 1.17 (d, JCH3-CH = 
6.2 Hz, 3H, CH3-ipr), 1.16 (d, JCH3-CH = 6.2 Hz, 3H, CH3-ipr), 1.13 (d, JCH3-CH = 6.2 
Hz, 3H, CH3-ipr); 
13
C NMR (DMSO-d6) : 165.86 (C=O), 165.74 (C=O), 153.90 (C-
4), 152.30 (C-2), 150.68 (C-6), 145.28 (C-8), 134.46 (C-1‘‘), 133.56 (C-1‘‘), 132.64 
(C-4‘‘), 132.20 (C-4‘‘), 128.70 (C-2‘‘, C-3‘‘), 128.63 (C-2‘‘, C-3‘‘), 128.59 (C-2‘‘, 
C-3‘‘), 128.28 (C-2‘‘, C-3‘‘), 123.08 (C-5), 79.91 (d, J2‘-P = 11.5 Hz, C-2‘), 70.48 (d, 
JC-O-P = 6.3 Hz, CH-ipr), 63.57 (d, JC-P = 165.1 Hz, C-4’), 59.97 (C-3‘), 43.36 (C-1‘), 
23.78 – 24.00 (m, CH3-ipr); MS-ESI
+
 m/z (%) 611 (5, M+H
+














5.4. Oxidations of HPMP to the corresponding CPME 
derivatives 
5.4.1. Oxidation of diisopropyl (S)-HPMPA with ruthenium 
tetroxide 
Compound 84a (387 mg, 1.0 mmol), RuO2 (20 mg, 0.15 mmol), and NaIO4 (1.1 g, 
5.0 mmol) were vigorously stirred in a mixture of CH3CN (15 mL), CHCl3 (15 mL), 
and H2O (25 mL). Concentrated aqueous HCl (~ 8 drops) was added and the system 
was adjusted to ~ pH 2.5. The heterogenous mixture was vigorously stirred at room 
temperature for 72 h. The solid was removed by filtration of the reaction mixture 
through a silica gel layer and washed with methanol. Solvents were evaporated and 
the residue was purified by column chromatography on silica gel (CHCl3-MeOH-
AcOH, 88:6:6). The purification was repeated two more times to remove colourful 
by-products and inorganic salts. Crystallization (EtOAc-MeOH) afforded 253 mg 
(yield 63%) of the desired compound 85a as yellowish crystals. 
5.4.2. Oxidation of diisopropyl (S)-HPMPA with TEMPO/BAIB 
Compound 84a (387 mg, 1.0 mmol), TEMPO (32 mg, 0.2 mmol), and BAIB (644 
mg, 2.2 mmol) in a mixture of CH3CN (2 mL) and H2O (2 mL) were stirred at room 
temperature for 24 h and the solvents were evaporated. The flash chromatography on 
silica gel (CHCl3-MeOH, 4:1) followed by crystallization (EtOAc-MeOH) afforded 
285 mg (yield 71%) of compound 85a as yellowish crystals. 




phosphono)methoxy] propanoic acid (85a) 
From compound 84a (387 mg, 1 mmol) according to 
method B; afforded 349 mg (yield 87%) of compound 
85a as yellowish crystals, dec > 150 °C; 
1
H NMR 
(DMSO-d6) : 8.15 (s, 1H, H-2), 8.03 (s, 1H, H-8), 7.28 




J4’a-P = 8.7 Hz, 1H, H-4’a),  3.73 (dd, Jgem = 13.7 Hz, J4’b-P = 9.4 Hz, 1H, H-4’b), 
1.18 (d, J = 6.2 Hz, 3H, CH3-ipr), 1.14 (d, J = 6.2 Hz, 3H, CH3-ipr), 1.13 (d, J = 6.2 
Hz, 3H, CH3-ipr), 1.07 (d, J = 6.2 Hz, 3H, CH3-ipr); 
13
C NMR (DMSO-d6) : 170.61 
(C-3‘), 155.93 (C-6), 152.37 (C-2), 149.75 (C-4), 141.47 (C-8), 118.55 (C-5), 77.99 
(d, J2‘-P = 12.7 Hz, C-2‘), 70.58 (d, JC-O-P = 6.5 Hz, CH-ipr), 70.53 (d, JC-O-P = 6.5 
Hz, CH-ipr), 64.08 (d, JC-P = 163.9 Hz, C-4’), 44.36 (C-1‘), 23.92 (d, JC-C-O-P = 4.0 
Hz, CH3-ipr), 23.88 (d, JC-C-O-P = 3.9 Hz, CH3-ipr), 23.78 (d, JC-C-O-P = 4.5 Hz, CH3-
ipr), 23.67 (d, JC-C-O-P = 4.5 Hz, CH3-ipr); MS-ESI
+







: m/z calcd for C15H25O6N5P (M+H
+
) 402.1537, found 
402.1536; FTIR (KBr, cm
-1
) : 3396, 3181, 2981, 1688, 1651, 1599, 1233, 996. 

20
D = -26.2 (c = 0.302 g/100ml, MeOH). 
 
(R)-3-(6-Amino-9H-purin-9-yl)-2-[(diisopropoxy- 
phosphono)methoxy]propanoic acid (85b)  
From compound 84b (387 mg, 1 mmol) according to 
method B; afforded 305 mg (yield 76%) of compound 





C NMR (DMSO-d6), MS, and FTIR 
spectra are identical with the compound 85a. 
20




[(diisopropoxyphosphono)methoxy]propanoic acid (85c)  
From compound 84c (727 mg, 2 mmol) according to 
method B; afforded 626 mg (yield 83%) of compound 85c 
as yellowish crystals, dec > 150 °C; 
1
H NMR (DMSO-d6) : 
7.43 (d, J6-5 = 7.3 Hz, 1H, H-6), 7.34 (bs, 1H, NH2), 7.19 
(bs, 1H, NH2), 5.66 (d, J5-6 = 7.3 Hz, 1H, H-5), 4.49 – 4.58 (m, 2H, CH-ipr), 4.26 
(dd, J2’-1’ = 8.7 Hz and 3.7 Hz, 1H, H-2’), 4.15 (dd, Jgem = 13.8 Hz, J1’a-2’ = 3.7 Hz, 
1H, H-1’a), 3.91 (dd, Jgem = 13.8 Hz, J4’a-P = 8.6 Hz, 1H, H-4’a), 3.64 – 3.71 (m, 2H, 
H-1’b, H-4’b), 1.17 – 1.23 (m, 12H, CH3-ipr); 
13
C NMR (DMSO-d6) : 171.04 (C-
3’), 165.84 (C-4), 155.22 (C-2), 147.29 (C-6), 93.24 (C-5), 77.77 (d, J2’-P = 12.8 Hz, 
C-2’), 70.50 (d, JC-O-P = 6.1 Hz, CH-ipr), 64.15 (d, JC-P = 163.9 Hz, C-4’), 50.39 (C-
1’), 23.77 – 23.98 (m, CH3-ipr); MS-ESI
+
 m/z (%) 378 (20, M+H
+










: m/z calcd for C14H23O7N3P (M-H
+
) 
376.1279, found 376.1280; FTIR (KBr, cm
-1
) : 3357, 3183, 2979, 2901, 1723, 1652, 
1376, 1238, 1002. 
20





From compound 84d (785 mg, 2 mmol) according to 
method B; afforded 667 mg (yield 82%) of compound 85d 
as yellowish crystals, mp 82-90 °C, dec at 130 °C; 
1
H NMR 
(DMSO-d6) : 7.63 (q, J6–CH3 = 1.0 Hz, 1H, H-6), 4.43 – 4.54 (m, 2H, CH-ipr), 4.27 
(dd, Jgem = 13.7 Hz, J1’a–2‘ = 3.3 Hz, 1H, H-1’a), 4.03 (dd, Jgem = 13.8 Hz, J4’a-P = 7.8 
Hz, 1H, H-4’a), 3.96 (dd, J2‘–1‘ = 9.8 Hz and 3.3 Hz, 1H, H-2‘), 3.82 (s, 3H, O-CH3), 
3.62 (dd, Jgem = 13.7 Hz, J1’b–2‘ = 9.7 Hz, 1H, H-1’b), 3.54 (dd, Jgem = 13.8 Hz, J4’b-P 
= 9.1 Hz, 1H, H-4’b), 1.84 (d, JCH3–6 = 1.0 Hz, 3H, 5-CH3), 1.20 (d, JCH3–CH = 6.2 Hz, 
3H, CH3-ipr), 1.17 (d, JCH3–CH = 6.2 Hz, 3H, CH3-ipr), 1.15 (d, JCH3–CH = 6.2 Hz, 3H, 
CH3-ipr), 1.12 (d, JCH3–CH = 6.2 Hz, 3H, CH3-ipr); 
13
C NMR (DMSO-d6) : 171.38 
(C-3‘), 169.99 (C-4), 155.45 (C-2), 147.59 (C-6), 101.43 (C-5), 79.65 (d, J2‘–P = 12.5 
Hz, C-2‘), 70.16 (m, CH-ipr), 63.45 (d, JC–P = 163.6 Hz, C-4’), 53.95 (O-CH3), 
51.64 (C-1‘), 23.66 – 23.90 (m, CH3-ipr), 11.81 (5-CH3); MS-ESI
+
 m/z (%) 407 (5, 
M+H
+
), 429 (15, M+Na
+




: m/z calcd for 
C16H27O8N2NaP (M+H
+
) 429.1397, found 429.1397; FTIR (KBr, cm
-1
) : 3440, 
2981, 2935, 1670, 1541, 1480, 1374, 1244, 1106, 994. 
20




3,4-dihydro pyrimidin-1(2H)-yl)propanoic acid (85e)  
From compound 84e (729 mg, 2 mmol) according to 
method B; afforded 613 mg (yield 81%) of compound 85e 
as yellowish crystals, dec > 150 °C; 
1
H NMR (DMSO-d6) : 
11.23 (bs, 1H, H-3), 7.49 (d, J6-5 = 7.9 Hz, 1H, H-6), 5.48 
(dd, J5-6 = 7.9 Hz, J5-3 = 2.1 Hz, 1H, H-5), 4.49 – 4.59 (m, 2H, CH-ipr), 4.14 (dd, 
Jgem = 14.0 Hz, J1’a-2’ = 3.5 Hz, 1H, H-1’a), 4.08 (dd, J2’-1’ = 9.1 Hz and 3.5 Hz, 1H, 




J1’b-2’ = 9.2 Hz, 1H, H-1’b), 3.65 (dd, Jgem = 13.9 Hz, J4’b-P = 8.5 Hz, 1H, H-4’b), 1.17 
- 1.22 (m, 12H, CH3-ipr); 
13
C NMR (DMSO-d6) : 171.22 (C-3’), 164.01 (C-4), 
151.06 (C-2), 146.76 (C-6), 100.42 (C-5), 78.92 (d, J2’-P = 11.9 Hz, C-2’), 70.39 (m, 
CH-ipr), 63.72 (d, JC-P = 163.7 Hz, C-4’), 49.63 (C-1’), 23.79 – 23.99 (m, CH3-ipr); 
MS-ESI
+
 m/z (%) 379 (5, M+H
+
), 401 (60, M+Na
+





: m/z calcd for C14H22O8N2P (M-H
+
): 377.1119, found: 377.1119; FTIR (KBr, 
cm
-1
) : 3417, 2981, 1691, 1630, 1464, 1388, 1245, 1105, 1001. 
20
D = -53.0 (c = 
0.322 g/100ml, MeOH).  
 
(R)-2-[(Diisopropoxyphosphono)methoxy]-3-(2,4-dioxo-
3,4-dihydropyrimidin-1(2H)-yl)propanoic acid (85f)  
From compound 84f (729 mg, 2 mmol) according to 
method B; afforded 580 mg (yield 77%) of compound 85f 
as yellowish crystals, dec > 150 °C; 
1
H NMR (DMSO-d6), 
13
C NMR (DMSO-d6), MS, and FTIR spectra are identical 
with the compound 85e. 
20




propanoic acid (85i)  
From compound 84i (508 mg, 1 mmol) 
according to method B; afforded 407 mg 
(yield 78%) of compound 85i as a colourless 
oil; 
1
H NMR (DMSO-d6) : 10.59 (bs, 1H, NH), 8.01 (s, 1H, H-8), 7.95 (m, 2H, H-
2‘‘), 7.58 (m, 1H, H-4‘‘), 7.49 (m, 2H, H-3‘‘), 7.43 (bs, 2H, NH2), 4.35 – 4.54 (m, 
5H, H-1’, H-2‘, CH-ipr), 3.97 (dd, Jgem = 13.7 Hz, J4’a-P = 8.9 Hz, 1H, H-4’a), 3.77 
(dd, Jgem = 13.7 Hz, J4’b-P = 9.7 Hz, 1H, H-4’b), 1.09 – 1.20 (m, 12H, CH3-ipr); 
13
C 
NMR (DMSO-d6) : 170.59 (C-3‘), 165.88 (C=O), 152.42 (C-2 or C-6), 150.61 (C-
4), 141.37 (C-8), 134.65 (C-1‘‘), 131.99 (C-4‘‘), 128.50 (C-3‘‘), 128.18 (C-2‘‘), 
116.23 (C-5), 77.98 (d, J2‘-P = 13.5 Hz, C-2‘), 70.54 – 70.63 (m, CH-ipr), 64.16 (d, 
JC-P = 164.4 Hz, C-4’), 44.25 (C-1‘), 23.68 – 23.95 (m, CH3-ipr); MS-ESI
+
 m/z (%) 
522 (75, M+H
+




: m/z calcd for C22H29O8N5P 
(M+H
+
): 522.1748, found: 522.1747; FTIR (KBr, cm
-1




1674, 1602, 1529, 1453, 1443, 1387, 1255, 955. 
20









methoxy]propanoic acid (85j)  
From compound 84j (611 mg, 1 mmol) 
according to method B; afforded 501 mg (yield 
80%) of compound 85j as a colourless oil which 
solidified; MS-ESI
+










: m/z calcd for C29H34O8N6P (M+H
+




acid (85g)  
From compound 85i (1 mmol, 521 mg) according to 
method C; afforded 338 mg (yield 81%) of 
compound 85g as a yellowish solid; 
1
H NMR 
(DMSO-d6) : 12.32 (bs, 1H, H-1), 7.56 (s, 1H, H-8), 7.22 (bs, 2H, NH2), 4.41 – 4.53 
(m, 2H, CH-ipr), 4.33 (dd, Jgem = 13.5 Hz, J1’a-2‘ = 1.9 Hz, 1H, H-1’a), 4.10 (dd, Jgem 
= 13.7 Hz, J4’a-P = 8.1 Hz, 1H, H-4’a), 3.88 – 3.97 (m, 2H, H-1’b, H-2‘), 3.56 (dd, 
Jgem = 13.7 Hz, J4’b-P = 9.0 Hz, 1H, H-4’b), 1.19 (d, JCH3-CH = 6.2 Hz, 3H, CH3-ipr), 
1.15 (d, JCH3-CH = 6.2 Hz, 3H, CH3-ipr), 1.14 (d, JCH3-CH = 6.2 Hz, 3H, CH3-ipr), 1.11 
(d, JCH3-CH = 6.2 Hz, 3H, CH3-ipr); 
13
C NMR (DMSO-d6) : 171.53 (C-3‘), 157.95 
(C-6), 154.61 (C-2), 151.56 (C-4), 137.78 (C-8), 116.26 (C-5), 81.36 (d, J2‘-P = 13.0 
Hz, C-2‘), 70.24 – 70.38 (m, CH-ipr), 63.28 (d, JC-P = 163.7 Hz, C-4’), 45.54 (C-1‘), 
23.74 – 23.98 (m, CH3-ipr); MS-ESI
-
 m/z (%) 416 (100, M-H
+





: m/z calcd for C15H23O7N5P (M-H
+
) 416.1340, found 416.1339; FTIR 
(KBr, cm
-1
) : 3423, 3163, 1686, 1630, 1579, 1485, 1410, 1242, 1178, 1105, 997. 

20









propanoic acid (85k)  
From compound 85j (468 mg, 0.75 mmol) 
according to method C; afforded 281 mg (yield 
72%) of compound 85k as a colourless oil 
which solidified; 
1
H NMR (DMSO-d6) : 10.59 (bs, 1H, 2-NH), 8.01 (s, 1H, H-8), 
7.95 (m, 2H, H-2’’), 7.58 (m, 1H, H-4’’), 7.49 (m, 2H, H-3’’), 7.43 (bs, 2H, NH2), 
4.35 – 4.54 (m, 5H, H-1’, H-2’, CH-ipr), 3.97 (dd, Jgem = 13.7 Hz, J4’a-P = 8.9 Hz, 
1H, H-4’a), 3.77 (dd, Jgem = 13.7 Hz, J4’b-P = 9.7 Hz, 1H, H-4’b), 1.09 – 1.20 (m, 
12H, CH3-ipr); 
13
C NMR (DMSO-d6) : 170.59 (C-3’), 165.88 (C=O), 152.42 (C-2 
or C-6), 150.61 (C-4), 141.37 (C-8), 134.65 (C-1’’), 131.99 (C-4’’), 128.50 (C-3’’), 
128.18 (C-2’’), 116.23 (C-5), 77.98 (d, J2‘-P = 13.5 Hz, C-2‘), 70.54 – 70.63 (m, CH-
ipr), 64.16 (d, JC-P = 164.4 Hz, C-4’), 44.25 (C-1’), 23.68 – 23.95 (m, CH3-ipr); MS-
ESI
+
 m/z (%) 521 (100, M+H
+
), 543 (70, M+Na
+





m/z calcd for C22H30O7N6P (M+H
+
): 521.1908, found: 521.1906. 
 
Free phosphonic acids: 
 
(S)-3-(6-Amino-9H-purin-9-yl)-2-(phosphonomethoxy) 
propanoic acid (83a)  
From compound 85a (201 mg, 0.5 mmol) according to 
method D1; afforded 108 mg (yield 68%) of compound 
83a as a white solid, dec > 250 °C or according to method 
D2; afforded 73 mg (yield 46%) of compound 83a as white 
crystals, dec > 250 °C; 
1
H NMR (D2O) : 8.17 (s, 1H, H-2), 8.16 (s, 1H, H-8), 4.55 
(dd, Jgem = 14.8 Hz, J1’a-2‘ = 4.0 Hz, H-1’a), 4.48 (dd, Jgem = 14.8 Hz, J1’b-2‘ = 6.0 Hz, 
1H, H-1’b), 4.20 (dd, J2‘-1’b = 6.0 Hz, J2‘-1’a = 4.0 Hz, 1H, H-2‘), 3.71 (dd, Jgem = 12.8 
Hz, J4’a-P = 8.6 Hz, 1H, H-4’a), 3.45 (dd, Jgem = 12.8 Hz, J4’b-P = 9.8 Hz, 1H, H-4’b); 
13
C NMR (D2O) : 177.20 (C-3‘), 155.86 (C-6), 149.62 (C-4), 143.74 (C-8), 118.57 
(C-5), 81.75 (d, J2‘-P = 12.4 Hz, C-2‘), 67.33 (d, JC-P = 155.0 Hz, C-4’), 46.12 (C-1‘); 
MS-ESI
+
 m/z (%) 318 (100, M+H
+
), 340 (83, M+Na
+





: m/z calcd for C9H13O6N5P (M+H
+
) 318.0598, found 318.0598; FTIR (KBr, cm
-
1




0.75H2O: C, 32.69; H, 4.11; N, 21.18; P, 9.37. Found: C, 32.86; H, 3.99; N, 20.95; P, 
9.61. 
20
D = -6.1 (c = 0.379 g/100ml, H2O). 
 
(R)-3-(6-Amino-9H-purin-9-yl)-2-(phosphonomethoxy) 
propanoic acid (83b)  
From compound 85b (201 mg, 0.5 mmol) according to 
method D1; afforded 80 mg (yield 50%) of compound 83b 
as white crystals, dec > 250 °C; 
1
H NMR (DMSO-d6), 
13
C 
NMR (DMSO-d6), MS, and FTIR spectra are identical with 
the compound 83a. 
20
D = +6.2 (c = 0.324 g/100ml, H2O). 
 
(S)-3-(4-Amino-2-oxopyrimidin-1(2H)-yl)-2-(phosphono- 
methoxy)propanoic acid (83c) 
From compound 85c (190 mg, 0.5 mmol) according to 
method D1; afforded 91 mg (yield 62%) of compound 83c as 
yellowish crystals, dec > 250 °C or according to method D2; 
afforded 57 mg (yield 39%) of compound 83c as yellowish 
crystals, dec > 250 °C; 
1
H NMR (D2O) : 7.64 (d, J6-5 = 7.4 Hz, 1H, H-6), 5.98 (d, J5-
6 = 7.3 Hz, 1H, H-5), 4.21 (dd, Jgem = 14.0 Hz, J1’a-2‘ = 3.9 Hz, 1H, H-1’a), 4.05 (dd, 
J2‘-1’b = 7.7 Hz, J2‘-1’a = 3.9 Hz, 1H, H-2‘), 3.89 (dd, Jgem = 14.0 Hz, J1’b-2‘ = 7.7 Hz, 
1H, H-1’b), 3.71 (dd, Jgem = 12.9 Hz, J4’a-P = 8.7 Hz, 1H, H-4’a), 3.42 (dd, Jgem = 
12.8 Hz, J4’b-P = 10.2 Hz, 1H, H-4’b); 
13
C NMR (D2O) : 177.57 (C-3‘), 166.01 (C-
4), 157.42 (C-2), 148.94 (C-6), 95.69 (C-5), 81.62 (d, J2‘-P = 13.1 Hz, C-2‘), 67.07 (d, 
JC-P = 156.4 Hz, C-4’), 51.87 (C-1‘); MS-ESI
-
 m/z (%) 292 (100, M-H
+
), 314 (50, 
M+Na
+




: m/z calcd for C8H11O7N3P (M-H
+
) 
292.0340, found 292.0340; FTIR (KBr, cm
-1
) : 3385, 3171, 2795, 1650, 1613, 1494, 
1400, 1051. 
20
D = -7.0 (c = 0.339 g/100ml, H2O). 
 
(S)-3-(5-Methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-
2-(phosphonomethoxy)propanoic acid (83d) 
From compound 85d (203 mg, 0.5 mmol) according to 
method D1; afforded 99 mg (yield 64%) of compound 83d as 
white crystals, dec > 250 °C or according to method D2; 




crystals, dec > 250 °C; 
1
H NMR (D2O) : 7.50 (q, J6–CH3 = 1.2 Hz, 1H, H-6), 4.10 
(dd, Jgem = 13.9 Hz, J1’a–2‘ = 4.1 Hz, 1H, H-1’a), 4.05 (dd, J2‘–1‘ = 6.6 Hz and 4.1 Hz, 
1H, H-2‘), 3.96 (dd, Jgem = 13.9 Hz, J1’b–2‘ = 6.6 Hz, 1H, H-1’b), 3.69 (dd, Jgem = 12.8 
Hz, J4’a-P = 8.7 Hz, 1H, H-4’a), 3.42 (dd, Jgem = 12.8 Hz, J4’b-P = 9.9 Hz, 1H, H-4’b), 
1.87 (d, JCH3–6 = 1.2 Hz, 3H, 5-CH3); 
13
C NMR (D2O) : 177.59 (C-3’), 167.78 (C-
4), 152.84 (C-2), 144.62 (C-6), 110.71 (C-5), 81.61 (d, J2’-P = 12.6 Hz, C-2‘), 67.24 
(d, JC–P = 157.1 Hz, C-4’), 50.34 (C-1‘), 11.93 (5-CH3); MS-ESI
-
 m/z (%) 307 (100, 
M-H
+
), 329 (60, M+Na
+




: m/z calcd for 
C9H12O8N2P (M-H
+
) 307.0326, found 307.0327; FTIR (KBr, cm
-1
) : 3191, 3036, 
2833, 1691, 1601, 1475, 1432, 1359, 1110, 1062. 
20




(phosphonomethoxy)propanoic acid (83e) 
From compound 85e (189 mg, 0.5 mmol) according to 
method D2; afforded 62 mg (yield 42%) of compound 83e as 
white crystals, dec > 250 °C; 
1
H NMR (D2O + NaOD) : 7.59 
(d, J6–5 = 7.5 Hz, 1H, H-6), 5.74 (d, J5–6 = 7.5 Hz, 1H, H-5), 
3.97 – 4.05 (m, 3H, H-1‘, H-2‘), 3.53 (dd, Jgem = 11.8 Hz, J4’a-P = 9.1 Hz, 1H, H-4’a), 
3.30 (dd, Jgem = 11.8 Hz, J4’b-P = 10.2 Hz, 1H, H-4’b); 
13
C NMR (D2O + NaOD) : 
178.47 (C-3‘), 174.43 (C-4), 158.01 (C-2), 147.85 (C-6), 102.05 (C-5), 81.99 (d, J2‘-P 
= 13.6 Hz, C-2‘), 68.91 (d, JC–P = 150.7 Hz, C-4’), 51.03 (C-1‘); MS-ESI
-





: m/z calcd for C8H10O8N2P (M-H
+
): 293.0180, found: 
293.0180; FTIR (KBr, cm
-1
) : 3428, 3168, 2976, 1692, 1617, 1402, 1356, 1070, 
1050. 
20
365 = -50.0 (c = 0.346 g/100ml, H2O). 
 
(R)-3-(2,4-Dioxo-3,4-dihydropyrimidin-1(2H)-yl)-2-(phos- 
phonomethoxy)propanoic acid (83f) 
From compound 85f (189 mg, 0.5 mmol) according to 
method D2; afforded 71 mg (yield 48%) of compound 83f as 
white crystals, dec > 250 °C; 
1
H NMR (D2O + NaOD), 
13
C 
NMR (D2O + NaOD), MS and FTIR spectra are identical with 
the compound 83e. 
20






phonomethoxy)propanoic acid (83g)  
From compound 85g (209 mg, 0.5 mmol) according to 
method D1; afforded 102 mg (yield 61%) of 
compound 83g as yellowish crystals, dec > 250 °C or 
according to method D2; afforded 62 mg (yield 37%) 
of compound 83g as white solid, dec > 250 °C; 
1
H NMR (D2O) : 7.84 (s, 1H, H-8), 
4.40 (dd, Jgem = 14.7 Hz, J1’a-2‘ = 4.1 Hz, H-1‘a), 4.32 (dd, Jgem = 14.7 Hz, J1’b-2‘ = 6.1 
Hz, H-1‘b), 4.17 (dd, J2‘-1‘ = 6.1 Hz and 4.1 Hz, H-2‘), 3.73 (dd, Jgem = 13.0 Hz, J4’a-P 
= 8.7 Hz, H-4’a), 3.51 (dd, Jgem = 13.0 Hz, J4’b-P = 9.8 Hz, H-4’b); 
13
C NMR (D2O) : 
177.21 (C-3‘), 159.57 (C-6), 154.24 (C-2), 152.37 (C-4), 141.38 (C-8), 116.08 (C-5), 
81.73 (d, J2‘-P = 12.5 Hz, C-2‘), 66.85 (d, JC-P = 156.1 Hz, C-4’), 45.82 (C-1‘); MS-
ESI
-
 m/z (%) 332 (100, M-H
+
), 354 (50, M+Na
+





m/z calcd for C9H11O7N5P (M-H
+
): 332.0402, found: 332.0404; FTIR (KBr, cm
-1
) : 
3405, 3128, 1693, 1607, 1540, 1481, 1409, 1108, 1069, 914. 
20
D = -20.2 (c = 
0.316 g/100ml, H2O). 
 
(S)-3-(2,6-Diamino-9H-purin-9-yl)-2-(phosphono- 
methoxy)propanoic acid (83h)  
From compound 85k (260 mg, 0.5 mmol) according 
to method D2; afforded 68 mg (yield 41%) of 
compound 83h as white crystals, dec > 250 °C; 
1
H 
NMR (D2O + NaOD) : 7.94 (s, 1H, H-8), 4.33 – 4.39 
(m, 2H, H-1‘), 4.13 (t, J2‘-1‘ = 5.1 Hz, 1H, H-2‘), 3.58 (dd, Jgem = 12.1 Hz, J4’a-P = 8.9 
Hz, 1H, H-4’a), 3.32 (dd, Jgem = 12.1 Hz, J4’b-P = 9.8 Hz, 1H, H-4’b); 
13
C NMR (D2O 
+ NaOD) : 178.02 (C-3‘), 160.60 (C-2), 456.66 (C-6), 151.92 (C-4), 141.68 (C-8), 
113.20 (C-5), 81.90 (d, J2‘-P = 12.7 Hz, C-2‘), 68.82 (d, JC-P = 150.5 Hz, C-4’), 45.75 
(C-1‘); MS-ESI
+
 m/z (%) 333 (100, M+H
+
), 355 (25, M+Na
+





: m/z calcd for C9H14O6N6P (M+H
+
) 333.0707, found 333.0707; FTIR 
(KBr, cm
-1
) : 3194, 2470, 1605, 1560, 1551, 1482, 1407, 1119, 1087, 916. 
20
D = 







2-(phosphonomethoxy)propanoic acid (83i) 
From compound 85i (261 mg, 0.5 mmol) 
according to method D1; afforded 114 mg (yield 
52%) of compound 83i as white crystals, dec > 
250 °C; 
1
H NMR (D2O) : 8.11 (s, 1H, H-8), 7.97 
(m, 2H, H-2‘‘), 7.62 (m, 1H, H-4‘‘), 7.53 (m, 2H, H-3‘‘), 4.45 – 4.52 (m, 2H, H-1‘), 
4.16 (m, 1H, H-2‘), 3.59 (m, 1H, H-4’a), 3.40 (m, 1H, H-4’b); 
13
C NMR (D2O) : 
177.97 (C-3‘), 172.77 (C=O), 162.48 (C-6), 153.12 (C-2), 151.42 (C-4), 142.76 (C-
8), 135.04 (C-1‘‘), 133.13 (C-4‘), 129.28 (C-3‘), 128.54 (C-2‘), 119.73 (C-5), 81.83 
(d, J2‘-P = 12.9 Hz, C-2‘), 68.76 (d, JC-P = 150.8 Hz, C-4’), 45.76 (C-1‘); MS-ESI
+
 m/z 
(%) 438 (100, M+H
+




: m/z calcd for C16H15O8N5P 
(M-H
+
) 436.0664, found 436.0664; FTIR (KBr, cm
-1
) : 3408, 3135, 3033, 1665, 
1604, 1402, 1269, 1154, 1061. 
20
D = -31.9 (c = 0.244 g/100ml, H2O). 
 




Compound 92 was prepared according to a modified 
procedure.
48
 Compound 85a (401 mg, 1 mmol) was 
dissolved in dry methanol (25 mL) and lithium 
hydroxide hydrate (42 mg, 1 mmol) was added. Solvent 
was evaporated and the residue was codistilled with DMF (2 x 20 mL). Then the 
residue was dissolved in dry DMF (25 mL) and methyl iodide (0.15 mL, 2.5 mmol) 
was added. The resulting solution was stirred at room temperature for 1 h. The 
reaction mixture was neutralized with 5 drops of glacial acetic acid and solvents were 
evaporated. A residue was codistilled with xylene (3 x 20 mL), absorbed on silica gel 
and purified by column chromatography (0-6% methanol in chloroform). Solvents 
were evaporated and the residue was crystalized from EtOAc-MeOH to give 145 mg 
(yield 35%) of compound 92 as a yellowish solid; 
1
H NMR (DMSO-d6) : 8.13 (s, 
1H, H-2), 7.99 (s, 1H, H-8), 7.21 (s, 2H, NH2), 4.59 (dd, J2‘-1’a = 7.2 Hz, J2‘-1’b = 3.8 




3H, H-1’a), CH-iPr), 3.91 (dd, Jgem = 13.8 Hz, J4’b-P = 8.9 Hz, 1H, H-4‘b), 3.77 (dd, 
Jgem = 13.8 Hz, J4’a-P = 9.4 Hz, 1H, H-4’a), 3.67 (s, 3H, O-CH3), 1.19 (d, JCH3-CH = 
6.2 Hz, 3H, CH3-iPr), 1.16 (d, JCH3-CH = 6.2 Hz, 3H, CH3-iPr), 1.15 (d, JCH3-CH = 6.2 
Hz, 3H, CH3-iPr), 1.10 (d, JCH3-CH = 6.2 Hz, 3H, CH3-iPr);   
13
C NMR (DMSO-d6) : 
169.44 (C-3‘), 156.11 (C-6), 152.60 (C-2), 149.71 (C-4), 141.34 (C-8), 118.52 (C-5), 
77.83 (d, JC-O-C-P = 12.8 Hz, C-2‘), 70.55 (d, JC-O-P = 6.3 Hz, CH-iPr), 70.53 (d, JC-O-P 
= 6.3 Hz, CH-iPr), 64.10 (d, JC-P = 164.0 Hz, C-4‘), 53.37 (O-CH3), 44.25 (C-1‘), 
23.89 (d, JC-C-O-P = 3.3 Hz, CH3-iPr), 23.87 (d, JC-C-O-P = 3.5 Hz, CH3-iPr), 23.74 (d, 
JC-C-O-P = 4.6 Hz, CH3-iPr), 23.66 (d, JC-C-O-P = 4.8 Hz, CH3-iPr);  MS-ESI
+
 m/z (%): 
416 (70, M+H
+




: m/z calcd for C16H27O6N5P 
(M+H
+
) 416.1694, found 416.1692; FTIR (KBr, cm
-1
) : 3305, 3150, 2983, 2960, 
1730, 1672, 1603, 1572, 1479, 1421, 1390, 1373, 1329, 1303, 1292, 1258, 1242, 
1223, 1180, 1140, 1035, 1006, 995, 980. [α]
20





Compound 85a (200 mg, 0.5 mmol), EDAC (192 mg, 1 
mmol) and N-hydroxysuccinimide (115 mg, 1 mmol) 
were dissolved in dry DMF (10 mL), and 
cyclopropylamine (43 mg, 0.75 mmol) was added. The reaction mixture was stirred 
at room temperature for 2 days. Volatiles were evaporated, the residue was 
codistilled with toluene (3 x 30 mL) and purified by silica gel chromatography (2-6% 
methanol in chloroform) to afford (after evaporation) 165 mg (yield 75%) of 
compound 93 as a colorless hygroscopic oil which solidified; 
1
H NMR (DMSO-d6) 
: 8.13 (s, 1H, H-2), 8.07 (d, JNH-1‘‘ = 4.2 Hz, 1H, NH), 7.94 (s, 1H, H-8), 7.20 (bs, 
2H, NH2), 4.49 (dsept, JCH-P = 7.6 Hz, JCH-CH3 = 6.2 Hz, 1H, CH-iPr), 4.45 (dsept, 
JCH-P = 7.6 Hz, JCH-CH3 = 6.2 Hz, 1H, CH-iPr), 4.41 (dd, Jgem = 14.3 Hz, J1’b-2‘ = 4.3 
Hz, 1H, H-1‘b), 4.36 (dd, Jgem = 14.3 Hz, J1’a-2‘ = 7.1 Hz, 1H, H-1‘a), 4.31 (dd, J2‘-1’a 
= 7.1 Hz, J2‘-1’b = 4.3 Hz, 1H, H-2‘), 3.80 (dd, Jgem = 13.9 Hz, J4’b-P = 9.0 Hz, 1H, H-
4‘b), 3.64 (dd, Jgem = 13.9 Hz, J4’a-P = 8.3 Hz, 1H, H-4‘a), 2.65 (m, 1H, H-1‘‘), 1.19 
(d, JCH3-CH = 6.2 Hz, 3H, CH3-iPr), 1.14 (d, JCH3-CH = 6.2 Hz, 2x3H, CH3-iPr), 1.10 
(d, JCH3-CH = 6.2 Hz, 3H, CH3-iPr), 0.62 (m, 2H, H-2‘‘b), 0.39 (m, 2H, H-2‘‘a); 
13
C 




141.18 (C-8), 118.56 (C-5), 79.72 (d, JC-O-C-P = 11.1 Hz, C-2‘), 70.71 (d, JC-O-P = 6.4 
Hz, CH-iPr), 70.69 (d, JC-O-P = 6.4 Hz, CH-iPr), 64.05 (d, JC-P = 164.4 Hz, C-4‘), 
44.37 (C-1‘), 23.90 (d, JC-C-O-P = 3.8 Hz, CH3-iPr), 23.87 (d, JC-C-O-P = 3.8 Hz, CH3-
iPr), 23.77 (d, JC-C-O-P = 4.7 Hz, CH3-iPr), 23.69 (d, JC-C-O-P = 4.7 Hz, CH3-iPr), 22.39 
(C-1‘‘), 5.80 (C-2‘‘); MS-ESI
+
 m/z (%): 441 (100, M+H
+





: m/z calcd for C18H30O5N6P (M+H
+
) 441.2010, found 441.2011; FTIR 
(KBr, cm
-1
) : 3404, 3321, 3191, 3260, 2981, 2932, 1710, 1671, 1645, 1598, 1418, 
1387, 1244, 1178, 1105, 1012, 993. [α]
20




Compound 92 (208 mg, 0.5 mmol) was dissolved in 
solution of 3.5 M ammonia in ethanol (5 mL). The 
mixture was microwave irradiated at 120 °C for 1 h. 
Volatiles were evaporated, the residue was purified by 
silica gel chromatography (1-10% methanol in chloroform) to afford (after 
evaporation) 166 mg (yield 83%) of compound 94 as a yellowish solid; 
1
H NMR 
(DMSO-d6) : 8.13 (s, 1H, H-2), 7.97 (s, 1H, H-8), 7.55 (d, Jgem = 1.7 Hz, 1H, 3‘-
NH2a), 7.38 (d, Jgem = 1.6 Hz, 1H, 3‘-NH2b), 7.18 (s, 2H, 6-NH2), 4.32 – 4.54 (m, 
5H, H-2‘, H-4‘,CH-iPr), 3.86 (dd, Jgem = 14.0 Hz, J1’b-2‘ = 9.1 Hz, 1H, H-1‘b), 3.70 
(dd, Jgem = 14.0 Hz, J1’a-2‘ = 8.2 Hz, 1H, H-1‘a), 1.09 – 1.19 (m, 12H, CH3-iPr); 
13
C 
NMR (DMSO-d6) : 170.47 (C-3‘), 156.10 (C-6), 152.57 (C-2), 149.87 (C-4), 
141.13 (C-8), 118.55 (C-5), 79.92 (d, JC-O-C-P = 11.0 Hz, C-2‘), 70.64 (m, CH-iPr), 
64.27 (d, JC-P = 164.7 Hz, C-4‘), 44.26 (C-1‘), 23.64 – 23.89 (m, CH3-iPr); MS-ESI
+
 
m/z (%): 401 (30, M+H
+




: m/z calcd for 
C15H26O5N6P (M+H
+
) 401.1697, found 401.1698; FTIR (KBr, cm
-1
) : 3374, 3324, 
3264, 3193, 2979, 2929, 1687, 1649, 1603, 1577, 1481, 1469, 1420, 1387, 1330, 
1304, 1245, 1234, 1106, 1029, 997. [α]
20










oxopropan-2-yl)oxy]methyl}phosphonic acid (95)  
From compound 92 (208 mg, 0.5 mmol) according to 
method D1; afforded 113 mg (yield 68%) of compound 95 
as a white solid; 
1
H NMR (D2O) : 8.42 (s, 1H, H-2), 8.41 
(s, 1H, H-8), 4.80 (dd, Jgem = 15.0 Hz, J1’b-2‘ = 3.9 Hz, 1H, 
H-1‘b), 4.73 (dd, Jgem = 15.0 Hz, J1’a-2‘ = 5.0 Hz, 1H, H-1‘a), 4.66 (dd, J2‘-1’a = 5.0 
Hz, J2‘-1’b = 3.9 Hz, 1H, H-2‘), 3.85 (dd, Jgem = 13.2 Hz, J4’b-P = 8.8 Hz, 1H, H-4‘b), 
3.75 (s, 3H, O-CH3), 3.64 (dd, Jgem = 13.2 Hz, J4’a-P = 9.3 Hz, 1H, H-4‘a); 
13
C NMR 
(D2O) : 172.35 (C-3‘), 150.64 (C-6), 149.13 (C-4), 146.25 (C-8), 145.31 (C-2), 
118.40 (C-5), 78.39 (d, JC-O-C-P = 11.6 Hz, C-2‘), 67.34 (d, JC-P = 156.5 Hz, C-4‘), 
53.70 (O-CH3), 46.00 (C-1‘); MS-ESI
+
 m/z (%): 332 (100, M+H
+





: m/z calcd for C10H15O6N5P (M+H
+
) 332.0755, found 
332.0754; FTIR (KBr, cm
-1
) : 3358, 3308, 1736, 1601, 1577, 1515, 1329, 1301, 
1242, 1220, 1034, 931. [α]
20
D = -10.1 (c = 0.278 g/100mL, H2O). 
 
(S)-{[(3-(6-Amino-9H-purin-9-yl)-1-(cyclopropylamino) 
-1-oxopropan-2-yl)oxy]methyl}phosphonic acid (96) 
From compound 93 (220 mg, 0.5 mmol) according to 
method D1; afforded 126 mg (yield 71%) of compound 96 
as a yellowish solid; 
1
H NMR (D2O) : 8.21 (s, 1H, H-2), 
8.18 (s, 1H, H-8), 4.56 – 4.67 (m, 2H, H-1‘), 4.34 (m, 1H, 
H-2‘), 3.72 (d, J4‘-P = 9.4 Hz, 2H, H-4‘), 2.37 (m, 1H, H-1‘‘), 0.58 (m, 1H, H-2‘‘b), 
0.54 (m, 1H, H-2‘‘b), 0.20 (m, 1H, H-2‘‘a), -0.12 (m, 1H, H-2‘‘a); 
13
C NMR (D2O) 
: 173.22 (C-3‘), 154.96 (C-6), 151.56 (C-2), 149.51 (C-4), 144.23 (C-8), 118.28 (C-
5), 80.59 (d, JC-O-C-P = 12.4 Hz, C-2‘), 67.38 (d, JC-P = 156.6 Hz, C-4‘), 45.33 (C-1‘), 
22.10 (C-1‘‘), 5.71 (C-2‘‘), 5.24 (C-2‘‘); MS-ESI
+









: m/z calcd for C12H18O5N6P (M+H
+
) 
357.1071, found 357.1072; FTIR (KBr, cm
-1
) : 3396, 3184, 1706, 1654, 1606, 1578, 
1542, 1519, 1418, 1331, 1303, 1209, 1182, 1158, 1120, 1063, 1028, 921. [α]
20
D = -







oxopropan-2-yl)oxy]methyl}phosphonic acid (97) 
From compound 94 (200 mg, 0.5 mmol) according to 
method D1; afforded 120 mg (yield 76%) of compound 97 
as a white solid; 
1
H NMR (D2O) : 8.183 (s, 1H, H-8), 
8.178 (s, 1H, H-2), 4.62 (dd, Jgem = 14.9 Hz, J1’b-2‘ = 4.2 
Hz, 1H, H-1‘b), 4.59 (dd, Jgem = 14.9 Hz, J1’a-2‘ = 5.0 Hz, 1H, H-1‘a), 4.36 (bt, J2‘-1’a 
= J2‘-1’b = 4.6 Hz, H-2‘), 3.74 (dd, Jgem = 12.9 Hz, J4’b-P = 9.4 Hz, 1H, H-4‘b), 3.68 
(dd, Jgem = 12.9 Hz, J4’a-P = 9.4 Hz, 1H, H-4‘a); 
13
C NMR (D2O) : 174.88 (C-3‘), 
155.66 (C-6), 152.55 (C-2), 149.56 (C-4), 144.03 (C-8), 118.45 (C-5), 80.96 (d, JC-O-
C-P = 12.5 Hz, C-2‘), 67.74 (d, JC-P = 156.3 Hz, C-4‘), 45.34 (C-1‘); MS-ESI
+
 m/z 
(%): 317 (100, M+H
+




: m/z calcd for C9H14O5N6P 
(M+H
+
) 317.0758, found 317.0759; FTIR (KBr, cm
-1
) : 3437, 3333, 1674, 1644, 
1608, 1576, 1490, 1419, 1326, 1165, 1119, 1031, 938. [α]
20







From compound 85a (201 mg, 0.5 mmol) according to 
method F; afforded 188 mg (yield 61%) of compound 
98 as a colorless oil which solidified; 
1
H NMR 
(DMSO-d6) : 8.46 (bd, JNH-CH = 7.4 Hz, 1H, 3‘-NH), 
8.13 (s, 1H, H-2), 8.01 (s, 1H, H-8), 7.20 (bs, 2H, NH2), 4.78 (dd, JNH-P = 12.8 Hz, 
JNH-CH = 10.4 Hz, 1H, P-NH), 4.63 (dd, JNH-P = 12.0 Hz, JNH-CH = 10.6 Hz, 1H, P-
NH), 4.51 (m, 1H, H-1’b), 4.35 – 4.40 (m, 2H, H-1’a, H-2‘), 4.26 (p, JCH-NH = JCH-CH3 
= 7.3 Hz, 1H, 3‘-NH-CH), 3.98 – 4.11 (m, 6H, O-CH2-CH3), 3.83 (m, 2H, P-NH-
CH), 3.63 – 3.71 (m, 2H, H-4‘), 1.14 – 1.24 (m, 18H, O-CH2-CH3); 
13
C NMR 
(DMSO-d6) : 174.13 – 174.28 (m, C=O), 172.19 (C=O), 168.82 (C-3‘), 156.06 (C-
6), 152.52 (C-2), 149.97 (C-4), 141.44 (C-8), 118.50 (C-5), 80.04 (d, JC-O-C-P = 10.1 
Hz, C-2‘), 67.38 (d, JC-P = 133.4 Hz, C-4‘), 60.83 (O-CH2-CH3), 60.67 (O-CH2-
CH3), 60.62 (O-CH2-CH3), 48.31 (NH-CH), 48.17 (NH-CH), 47.71 (NH-CH), 44.22 






 m/z (%): 615 (100, M+H
+





m/z calcd for C24H40N8O9P (M+H
+
) 615.2657, found 615.2658; FTIR (KBr, cm
-1
) : 






Compound 92 (104 mg, 0.25 mmol) was 
codistilled with dry acetonitrile (3 x 10 mL), 
dissolved in acetonitrile and TMSBr (0.5 mL) 
was added. The resulting solution was stirred at room temperature overnight. 
Volatiles were evaporated, and the residue was codistilled with dry acetonitrile (3 x 
10 mL) and water (1 x 5 mL), and then dried in a high vacuo overnight. The residue 
was dissolved in dry pyridine (10 mL) under argon, 3-(hexadecyloxy)propan-1-ol (90 
mg, 0.3 mmol) and dicyclohexylcarbodiimide (103 mg, 0.5 mmol) were added. The 
reaction mixture was heated at 60 °C for 30 h. Solvente were evaporated, the residue 
was codistilled with toluene (3 x 20 mL) and subjected to silica gel chromatography 
(10-60% methanol in chloroform) to afford (after evaporation) 102 mg (yield 66%) 
of compound 99 as a white solid; 
1
H NMR (DMSO-d6) : 8.14 (bs, 1H, H-8), 8.10 (s, 
1H, H-2), 7.17 (bs, 2H, NH2), 4.69 (bs, 1H, H-2‘), 4.51 (bdd, Jgem = 13.5 Hz, J1’b-2‘ = 
4.3 Hz, 1H, H-1‘b), 4.43 (m, 1H, H-1’a), 3.63 (bs, 2H, P-O-CH2-CH2-CH2-O), 3.56 
(s, 3H, O-CH3), 3.55 (vbm, 1H, H-4’b), 3.32 (vbm, 1H, H-4’a), 3.31 (t, JCH2-CH2 = 6.6 
Hz, 2H, P-O-CH2-CH2-CH2-O), 3.27 (t, JCH2-CH2 = 6.4 Hz, 2H, O-CH2-(CH2)14-CH3), 
1.62 (m, 2H, P-O-CH2-CH2-CH2-O), 1.46 (m, 2H, O-CH2-(CH2)14-CH3), 1.17 – 1.29 
(m, 26H, O-CH2-(CH2)14-CH3), 0.84 (t, JCH3-CH2 = 7.0 Hz, 3H, O-CH2-(CH2)14-CH3); 
13
C NMR (DMSO-d6) : 170.40 (C-3‘), 156.05 (C-6), 152.50 (C-2), 149.74 (C-4), 
141.80 (C-8), 118.34 (C-5), 76.96 (C-2‘), 70.23 (O-CH2-(CH2)14-CH3), 67.35 (P-O-
CH2-CH2-CH2-O), 66.60 (C-4‘), 60.80 (P-O-CH2-CH2-CH2-O), 51.96 (O-CH3), 
44.43 (C-1‘), 31.49 (O-CH2-(CH2)14-CH3), 29.49 (O-CH2-(CH2)14-CH3), 29.24 (7x) 
(O-CH2-(CH2)14-CH3), 29.20 (O-CH2-(CH2)14-CH3), 29.15 (O-CH2-(CH2)14-CH3), 
28.90 (O-CH2-(CH2)14-CH3), 25.92 (O-CH2-(CH2)14-CH3), 22.29 (O-CH2-(CH2)14-
CH3), 14.14 (O-CH2-(CH2)14-CH3); MS-ESI
+
 m/z (%): 614 (95, M+H
+
), 636 (100, 
M+Na
+










614.3677, found 614.3679; FTIR (KBr, cm
-1
) : 3325, 3171, 2923, 2852, 1749, 1598, 






From compound 92 (208 mg, 0.5 mmol) according to 
method F; afforded 223 mg (yield 84%) of compound 
100 as a white foam; 
1
H NMR (DMSO-d6) : 8.12 (s, 
1H, H-2), 8.07 (s, 1H, H-8), 7.19 (s, 2H, NH2), 4.60 
(dd, JNH-P = 12.3 Hz, JNH-CH = 10.3 Hz, 1H, P-NH), 
4.58 (dd, J2‘-1’a = 5.8 Hz, J2‘-1’b = 4.0 Hz, 1H, H-2‘), 4.54 (dd, Jgem = 14.4 Hz, J1’b-2‘ = 
4.0 Hz, 1H, H-1‘b), 4.52 (dd, JNH-P = 11.6 Hz, JNH-CH = 10.3 Hz, 1H, P-NH), 4.46 
(dd, Jgem = 14.4 Hz, J1’a-2‘ = 5.9 Hz, 1H, H-1‘a), 4.00 – 4.13 (m, 4H, O-CH2-CH3), 
3.78 – 3.89 (m, 2H, P-NH-CH), 3.76 (dd, Jgem = 13.4 Hz, J4’b-P = 7.2 Hz, 1H, H-4‘b), 
3.63 (s, 3H, O-CH3), 3.59 (dd, Jgem = 13.4 Hz, J4’a-P = 8.7 Hz, 1H, H-4‘a), 1.24 (d, 
JCH3-CH = 7.2 Hz, 3H, P-NH-CH-CH3), 1.23 (d, JCH3-CH = 7.2 Hz, 3H, P-NH-CH-
CH3), 1.19 (t, JCH3-CH2 = 7.1 Hz, 3H, O-CH2-CH3), 1.17 (t, JCH3-CH2 = 7.1 Hz, 3H, O-
CH2-CH3); 
13
C NMR (DMSO-d6) : 174.20 (d, JC-P = 3.8 Hz, C=O), 174.12 (d, JC-P = 
5.5 Hz, C=O), 169.88 (C-3‘), 156.10 (C-6), 152.59 (C-2), 149.78 (C-4), 141.58 (C-
8), 118.44 (C-5), 77.90 (d, JC-O-C-P = 10.5 Hz, C-2‘), 66.98 (d, JC-P = 133.0 Hz, C-4‘), 
60.59 (O-CH2-CH3), 60.57 (O-CH2-CH3), 52.26 (O-CH3), 48.25 (P-NH-CH), 48.19 
(P-NH-CH), 44.46 (C-1‘), 20.88 (d, JC-P = 4.6 Hz, P-NH-CH-CH3), 20.65 (d, JC-P = 
5.7 Hz, O-CH-CH3), 14.17 (O-CH2-CH3), 14.16 (O-CH2-CH3); MS-ESI
+
 m/z (%): 
530 (70, M+H
+




: m/z calcd for C20H33O8N7P 
(M+H
+
) 530.2123, found 530.2124; FTIR (KBr, cm
-1
) : 3424, 2982, 2938, 1738, 













From compound 92 (208 mg, 0.5 mmol) according to 
method L (chromatography 0-8% methanol in 
chloroform); afforded 201 mg (yield 59%) of 
compound 101 as a yellowish foam; 
1
H NMR 
(DMSO-d6) : 8.13 (s, 1H, H-2), 8.01 (s, 1H, H-8), 
7.15 – 7.28 (m, 10H, H-2‘‘, H-3‘‘, H-4‘‘, NH2), 7.08 – 7.11 (m, 2H, H-2‘‘), 4.57 (dd, 
JNH-P = 11.7 Hz, JNH-CH = 10.9 Hz, 1H, P-NH), 4.39 – 4.50 (m, 3H, H-1‘, H-2‘), 4.32 
(dd, JNH-P = 12.6 Hz, JNH-CH = 10.8 Hz, 1H, P-NH), 3.94 – 4.07 (m, 5H, H-5‘, O-
CH2-CH3), 3.90 (m, 1H, H-5‘), 3.59 (s, 3H, O-CH3), 3.44 (dd, Jgem = 13.3 Hz, J4’b-P = 
7.6 Hz, 1H, H-4‘b), 3.22 (dd, Jgem = 13.3 Hz, J4’a-P = 8.6 Hz, 1H, H-4‘a), 2.91 (dd, 
Jgem = 13.4 Hz, J6‘-5‘ = 6.7 Hz, 1H, H-6‘), 2.86 (dd, Jgem = 13.4 Hz, J6‘-5‘ = 7.4 Hz, 1H, 
H-6‘), 2.82 (dd, Jgem = 13.4 Hz, J6‘-5‘ = 6.6 Hz, 1H, H-6‘), 2.77 (dd, Jgem = 13.4 Hz, 
J6‘-5‘ = 6.9 Hz, 1H, H-6‘), 1.10 (t, JCH3-CH2 = 7.1 Hz, 3H, O-CH2-CH3), 1.05 (t, JCH3-
CH2 = 7.1 Hz, 3H, O-CH2-CH3); 
13
C NMR (DMSO-d6) : 172.98 (d, JC-P = 2.8 Hz, 
C=O), 172.72 (d, JC-P = 5.3 Hz, C=O), 169.74 (C-3‘), 156.12 (C-6), 152.64 (C-2), 
149.78 (C-4), 141.60 (C-8), 137.35 (C-1‘‘), 137.15 (C-1‘‘), 129.58 (C-2‘‘), 129.57 
(C-2‘‘), 128.29 (C-3‘‘), 128.24 (C-3‘‘), 126.65 (C-4‘‘), 126.59 (C-4‘‘), 118.44 (C-5), 
77.93 (d, JC-O-C-P = 10.2 Hz, C-2‘), 66.91 (d, JC-P = 134.0 Hz, C-4‘), 60.58 (O-CH2-
CH3), 60.54 (O-CH2-CH3), 54.06 (C-5‘), 52.23 (O-CH3), 44.39 (C-1‘), 41.10 (C-6‘), 
41.00 (C-6‘), 15.02 (O-CH2-CH3), 14.96 (O-CH2-CH3); MS-ESI
+
 m/z (%): 682 (10, 
M+H
+




: m/z calcd for C32H40O8N7NaP (M+Na
+
) 
704.2568, found 704.2564; FTIR (KBr, cm
-1
) : 3377, 3177, 1737, 1641, 1599, 1577, 












A mixture of compound 92 (104 mg, 0.25 mmol), dry 
acetonitrile (10 mL), and TMSBr (0.25 mL) was stirred 
overnight at room temperature under argon. After 
evaporation (without any contact with air) in vacuo (40 
°C, 2 mbar) and codistillation with dry acetonitrile (2 x 
10 mL) (without any contact with air), the flask was 
securated with argon and L-phenylalanine ethyl ester 
hydrochloride (0.5 mmol), phenol (1.25 mmol), dry triethylamine (1 mL), and dry 
pyridine (4 mL) were added. The mixture was heated at 60 °C for 7 min. A solution 
of Aldrithiol-2 (2 mmol) and triphenylphosphine (2 mmol) in 4 mL of dry pyridine 
was added under argon. The resulting mixture was heated at 65 °C for 5 hours to 
reach the full conversion. After cooling, the dark yellow solution was evaporated (40 
°C, 2 mbar), and the residue was purified by silica gel chromatography (0-5% 
methanol in chloroform) to afford (after evaporation) the crude product which was 
purified by flash chromatography on C18-reverse phase silica gel (0-100% methanol 
in water) to give (after evaporation and codistillation with dry acetone) 105 mg (yield 
72%) of compound 102 as a white foam; 
1
H NMR (DMSO-d6) : (2 diastereomers 
cca 1:0.9) 8.13 (s, 1H, H-2), 8.11 (s, 1H, H-2), 8.01 (s, 1H, H-8), 8.00 (s, 1H, H-8), 
7.08 – 7.30 (m, 20H, Bn-H-2‘‘, Bn-H-3‘‘, Bn-H-4‘‘, Ph-H-3‘‘, Ph-H-4‘‘, NH2), 6.97 
(m, 2H, Ph-H-2‘‘), 6.89 (m, 2H, Ph-H-2‘‘), 5.77 (dd, JNH-P = 13.0 Hz, JNH-CH = 10.8 
Hz, 1H, P-NH), 5.68 (dd, JNH-P = 11.8 Hz, JNH-CH = 10.4 Hz, 1H, P-NH), 4.37 – 4.57 
(m, 6H, H-1‘, H-2‘), 3.89 – 4.09 (m, 6H, H-5‘, O-CH2-CH3), 3.83 (dd, Jgem = 13.6 
Hz, J4’b-P = 7.0 Hz, 1H, H-4‘b), 3.71 (dd, Jgem = 13.9 Hz, J4’b-P = 7.4 Hz, 1H, H-4‘b), 
3.67 (dd, Jgem = 13.6 Hz, J4’a-P = 9.4 Hz, 1H, H-4‘a), 3.65 (s, 3H, O-CH3), 3.63 (s, 
3H, O-CH3), 3.23 (dd, Jgem = 13.9 Hz, J4’a-P = 7.8 Hz, 1H, H-4‘a), 2.89 – 2.95 (m, 
2H, H-6’b), 2.70 – 2.78 (m, 2H, H-6’a), 1.05 (t, JCH3-CH2 = 7.1 Hz, 3H, O-CH2-CH3), 
1.03 (t, JCH3-CH2 = 7.1 Hz, 3H, O-CH2-CH3); 
13
C NMR (DMSO-d6) : 172.65 (d, JC-P 
= 2.7 Hz, C=O), 172.37 (d, JC-P = 2.8 Hz, C=O), 169.49 (C-3‘), 169.39 (C-3‘), 
156.14 (C-6), 156.13 (C-6), 152.67 (C-2), 152.65 (C-2), 150.14 (d, JC-P = 9.4 Hz, Ph-
C-1‘‘), 150.07 (d, JC-P = 9.4 Hz, Ph-C-1‘‘), 149.73 (C-4), 149.70 (C-4), 141.51 (C-8), 




C-3‘‘), 129.51 (Bn-C-2‘‘), 129.51 (Ph-C-3‘‘), 128.35 (Bn-C-3‘‘), 128.34 (Bn-C-3‘‘), 
126.72 (Bn-C-4‘‘), 126.71 (Bn-C-4‘‘), 124.57 (Ph-C-4‘‘), 124.53 (Ph-C-4‘‘), 120.81 
(d, JC-P = 4.4 Hz, Ph-C-2‘‘), 120.72 (d, JC-P = 4.4 Hz, Ph-C-2‘‘), 118.48 (C-5), 118.45 
(C-5), 78.19 (d, JC-O-C-P = 12.2 Hz, C-2‘), 78.88 (d, JC-O-C-P = 10.4 Hz, C-2‘), 65.76 (d, 
JC-P = 153.8 Hz, C-4‘), 65.62 (d, JC-P = 154.3 Hz, C-4‘), 60.76 (O-CH2-CH3), 60.63 
(O-CH2-CH3), 55.25 (C-5‘), 55.22 (C-5‘), 52.36 (O-CH3), 52.34 (O-CH3), 44.41 (C-
1‘), 44.37 (C-1‘), 39.60 (C-6‘), 14.04 (O-CH2-CH3), 14.03 (O-CH2-CH3); MS-ESI
+
 
m/z (%): 583 (25, M+H
+




: m/z calcd for 
C27H32O7N6P (M+H
+
) 583.2065, found 583.2066; FTIR (KBr, cm
-1
) : 3329, 3257, 
3183, 2982, 1739, 1641, 1597, 1575, 1491, 1477, 1437, 1328, 1298, 1240, 1205, 
1166, 1122, 1079, 1027, 799, 692, 649.  
 
5.6. Synthesis of (S)-CPME, (S)-HPEP and (S)-CPEE 
compounds using synthon approach 
5.6.1. Synthesis of (S)-CPMEHx and (S)-CPMEG 
    
(S)-1-(Benzyloxy)-3-trityloxypropan-2-ol (104)  
Compound 104 was prepared according to the modified procedure.
150
 
NaH (60% suspension in mineral oil, 5.8 g, 144 mmol) was 
suspended in anhydrous DMF (120 mL) and benzyl alcohol (15.6 g, 144 mmol) was 
added dropwise. The reaction mixture was stirred at r.t. for 20 min and then trityl 
glycidol 103 (38.0 g, 120 mmol) in DMF (100 mL) was added. The solution was 
stirred at 100 °C for 2 h. After cooling down, 100 mL of water was added and 
extracted with EtOAc (3 x 400 mL). The combined organics were washed with brine 
(2 x 200 mL), dried over anhydrous MgSO4 and concentrated under reduced pressure 
to give a crude oil. This was subjected to silica gel chromatography (gradient from 5-
20% ethylacetate in iso-hexanes with 0.1% Et3N) to afford (after evaporation) 49.4 g, 









This compound was prepared according to the modified 
procedure.
146
 Compound 104 (42.5 g, 100 mmol) was dissolved in anhydrous DMF 
(300 mL) and NaH (60% suspension in mineral oil, 6 g, 150 mmol) was added. The 
reaction mixture was stirred at r.t. for 20 min and then diisopropyl 
(bromomethyl)phosphonate (38 mL, 150 mmol) was added. The reaction mixture 
was stirred at r.t. for 24 h. The reaction was diluted with water (150 mL) and 
extracted with ethyl acetate (3x 500 mL). The combined organic layers were washed 
with water (2 x 200 mL), brine (2 x 200 mL), dried over MgSO4 and concentrated in 
vacuo to give the yellowish oil (78 g of the crude product, theoretical yield 60.3 g). 





Compound 105 (78 g of the crude product) was dissolved in 
80% acetic acid (400 mL) and heated to reflux for 2 h. After 
cooling down, the reaction mixture was diluted with 300 mL 
of water/dioxane (1:1) and white crystals of trityl alcohol 
were filtered off. The solution was extracted with ethyl acetate (3 x 400 mL), the 
combined organics were washed with water (2 x 150 mL), brine (2 x 150 mL), dried 
over MgSO4 and concentrated in vacuo to give a crude oil. This was subjected to 
silica gel chromatography (gradient from 20-100% ethyl acetate in iso-hexanes) to 
afford (after evaporation) 14.5 g (yield 40%) of compound 106 as a colorless oil;  
1
H NMR (CDCl3) : 7.19 – 7.28 (m, 5H, H-2‘, H-3‘, H-4‘), 4.63 – 4.73 (m, 2H, CH-
ipr), 4.46 (s, 2H, H-5), 3.97 (dd, Jgem = 14.1 Hz, J4a-P = 7.5 Hz, 1H, H-4a), 3.76 (dd, 
Jgem = 14.1 Hz, J4b-P = 8.4 Hz, 1H, H-4b), 3.65 (dd, Jgem = 12.8 Hz, J1a-2 = 3.3 Hz, 1H, 
H-1a), 3.65 (m, 1H, H-2), 3.56 (dd, Jgem = 12.8 Hz, J1b-2 = 6.9 Hz, 1H, H-1b), 3.46 – 
3.52 (m, 2H, H-3), 3.43 (bs, 1H, OH), 1.24 – 1.27 (m, 12H, CH3-ipr); 
13
C NMR 
(CDCl3) : 137.85 (C-1‘), 128,30 (C-3‘), 127.60 (C-4‘), 127.50 (C-2‘), 82.46 (d, JC-O-
C-P = 8.4 Hz, C-2), 73.36 (C-5), 71.45 (d, JC-O-P = 6.6 Hz, CH-ipr), 71.11 ((d, JC-O-P = 
6.8 Hz, CH-ipr), 70.17 (C-3), 65.16 (d, JC-P = 168.0 Hz, C-4), 62.29 (C-1); MS-ESI
+
 
m/z (%): 361 (15, M+H
+










) 383.1594, found 383.1592. [α]
20




propanoic acid (107) 
The compound 107 was prepared according to the modified 
procedure.
92
 To a solution of compound 106 (14.4 g, 40 
mmol), TEMPO (625 mg, 4 mmol), sodium chlorite (80%) 
(9.0 g, 80 mmol), acetonitrile (200 mL) and 0.67 M sodium 
phosphate buffer (160 mL, pH 6.7) was added dropwise a solution of dilute sodium 
hypochlorite (40 mL of household bleach SAVO (40.72 mg/mL) with 80 mL of 
water). The reaction mixture was heated at 40 °C for 48 h. After cooling the reaction 
to r.t., water (300 mL) was added and the pH was adjusted to 8.0 by addition 48 mL 
of 2 M NaOH. Then the reaction mixture was cooled to 0 °C (ice bath) and solution 
of sodium sulfite (12 g Na2SO3 in 200 mL H2O) was added. After stirring at r.t. for 
0.5 h, the solution was acidified with 2 M HCl to pH 3-4 and extracted with ethyl 
acetate (3 x 300 mL). The combined organic phases were washed with water (2 x 
200 mL), brine (2 x 200 mL), dried over MgSO4 overnight, and then concentrated to 
give the crude product as yellowish oil. The oil was subjected to silica gel 
chromatography (gradient from 0-10% methanol in ethyl acetate) to afford (after 
evaporation) 13.2 g (yield 88%) of compound 107 as a colorless oil which solidifies; 
1
H NMR (MeOD) : 7.25 – 7.35 (m, 5H, H-2‘, H-3‘, H-4‘), 4.70 – 4.79 (m, 2H, CH-
ipr), 4.60 (d, Jgem = 12.0 Hz, 1H, H-5a), 4.55 (d, Jgem = 12.0 Hz, 1H, H-5b), 4.30 (m, 
1H, H-2), 4.11 (dd, Jgem = 13.7 Hz, J4a-P = 8.8 Hz, 1H, H-4a), 3.84 (dd, Jgem = 13.7 
Hz, J4b-P = 9.2 Hz, 1H, H-4b), 3.82 (m, 2H, H-3), 1.31 – 1.34 (m, 12 H, CH3-ipr); 
13
C 
NMR (MeOD) : 172.73 (C-1), 139.35 (C-1‘), 129.32 (C-3‘), 128.86 (C-2‘), 128.70 
(C-4‘), 81.55 (d, JC-O-C-P = 12.7 Hz, C-2), 74.36 (C-5), 73.33 – 73.46 (m, CH-ipr), 
71.52 (C-3), 65.40 (d, JC-P = 167.5 Hz, C-4), 24.23 – 24.38 (m, CH3-ipr); MS-ESI
+
 
m/z (%): 375 (10, M+H
+
), 397 (100, M+Na
+





calcd for C17H27O7NaP (M+Na
+
) 397.1387, found 397.1388. Anal. Calcd. for:  
C17H27O7P: C, 54.54;  H, 7.27; P, 8.27. Found: C, 54.37; H, 7.32; P, 8.09. [α]
20
D = -







Compound 107 (11.2 g, 30 mmol) was dissolved in ethyl 
acetate (150 mL) and solution of diazomethane (1 M CH2N2 
in dry Et2O) was added dropwise until the solution was not 
yellowish. The reaction was stirred at r.t. for 0.5 h. Excess of 
diazomethane was decomposed by adding of several drops of ethanol. The solution 
was concentrated in vacuo and a crude product was purified by silica gel 
chromatography (gradient from 40-60% ethyl acetate in iso-hexanes) to give (after 
evaporation) 11.4 g (yield 98%) of compound 108 as a colorless oil; 
1
H NMR 
(CDCl3) : 7.26 – 7.36 (m, 5H, H-2‘, H-3‘, H-4‘), 4.72 – 7.79 (m, 2H, CH-ipr), 4.61 
(d, Jgem = 12.1 Hz, 1H, H-5a), 4.55 (d, Jgem = 12.1 Hz, 1H, H-5b), 4.38 (t, J2-3 = 4.3 
Hz, 1H, H-2), 4.06 (dd, Jgem = 13.9 Hz, J4a-P = 8.7 Hz, 1H, H-4a), 3.76 – 3.80 (m, 3H, 
H-3, H-4b), 3.76 (s, 3H, O-CH3), 1.31 – 1.34 (m, 12 H, CH3-ipr); 
13
C NMR (CDCl3) 
: 170.19 (C-1), 137.72 (C-1‘), 128.31 (C-3‘), 127.70 (C-2‘), 127.66 (C-4‘), 80.00 
(d, JC-O-C-P = 9.6 Hz, C-2), 73.40 (C-5), 71.41 (d, JC-O-P = 6.5 Hz, CH-ipr), 71.20 (d, 
JC-O-P = 6.5 Hz, CH-ipr), 70.21 (C-3), 64.93 (d, JC-P = 166.4 Hz, C-4), 52.08 (O-
CH3), 23.89 – 24.10 (m, CH3-ipr); MS-ESI
+
 m/z (%): 389 (100, M+H
+





: m/z calcd for C18H30O7P (M+H
+
) 389.1535, found 389.1536. 
[α]
20




Compound 108 (9.7 g, 25 mmol) from the previous reaction 
step was dissolved in methanol (250 mL) and a flask was purged with argon and 
evacuated (3 times). Catalytic amount of 10% palladium on carbon under argon 
atmosphere was added. Then the flask was evacuated and purged with hydrogen (3 
times) and the mixture was vigorously stirred at r.t. until the reaction was complete 
(~ 3 days).  The reaction mixture was filtered through short silica gel column and the 
filter pad was washed with methanol (100 mL). The filtrate was evaporated and the 
crude product was purified by silica gel chromatography (gradient from 60-80% 
ethyl acetate in iso-hexanes) to afford (after evaporation) 7.1 g (yield 95%) of 
compound 109 as a colorless oil; 
1
H NMR (CDCl3) : 4.72 – 4.82 (m, 2H, CH-ipr), 




Hz, 1H, H-4a), 3.93 (dd, Jgem = 12.2 Hz, J3a-2 = 3.3 Hz, 1H, H-3a), 3.85 (dd, Jgem = 
12.2 Hz, J3b-2 = 6.4 Hz, 1H, H-3b), 3.77 (s, 3H, O-CH3), 3.77 (dd, Jgem = 14.0 Hz, J4b-
P = 7.7 Hz, 1H, H-4b), 3.22 (bs, 1H, OH), 1.31 – 1.37 (m, 12H, CH3-ipr); 
13
C NMR 
(CDCl3) : 170.12 (C-1), 81.54 (d, JC-O-C-P = 8.7 Hz, C-2), 71.69 (d, JC-O-P = 6.7 Hz, 
CH-ipr), 71.42 (d, JC-O-P = 6.7 Hz, CH-ipr), 64.97 (d, JC-P = 167.8 Hz, C-4), 62.84 
(C-3), 52.08 (O-CH3), 23.85 – 24.05 (m, CH3-ipr); MS-ESI
+
 m/z (%): 299 (5, 
M+H
+




: m/z calcd for C11H24O7P (M+H
+
) 
299.1254, found 299.1255. [α]
20




From alcohol 109 (1.19 g, 4 mmol) and 6-chloropurine 
(804 mg, 5.2 mmol), applied method G, obtained 835 
mg (yield 48%) of compound 110 as a yellowish oil; 
1
H 
NMR (CDCl3) : 8.75 (s, 1H, H-2), 8.28 (s, 1H, H-8), 
4.75 (dd, Jgem = 14.2 Hz, J1’a-2‘ = 3.3 Hz, 1H, H-1’a), 4.62 – 4.72 (m, 2H, CH-ipr), 
4.61 (dd, Jgem = 14.2 Hz, J1’b-2‘ = 6.8 Hz, 1H, H-1‘b), 4.57 (dd, J2‘-1‘b = 6.8 Hz, J2‘-1‘a 
= 3.3 Hz, 1H, H-2‘), 4.06 (dd, Jgem = 14.0 Hz, J4‘a-P = 8.8 Hz, 1H, H-4‘a), 3.77 (s, 3H, 
O-CH3), 3.67 (dd, Jgem = 14.0 Hz, J4‘b-P = 7.9 Hz, 1H, H-4‘b), 1.31 (d, JCH3-CH = 6.2 
Hz, 3H, CH3-ipr), 1.30 (d, JCH3-CH = 6.2 Hz, 3H, CH3-ipr), 1.26 (d, JCH3-CH = 6.2 Hz, 
3H, CH3-ipr), 1.23 (d, JCH3-CH = 6.2 Hz, 3H, CH3-ipr); 
13
C NMR (CDCl3) : 168.81 
(C-3’), 151.97 (C-2), 151.82 (C-4), 151.06 (C-6), 146.34 (C-8), 131.26 (C-5), 77.50 
(d, JC-O-C-P = 9.5 Hz, C-2‘), 71.46 (d, JC-O-P = 6.8 Hz, CH-ipr), 65.20 (d, JC-P = 166.7 
Hz, C-4‘), 52.73 (O-CH3), 45.31 (C-1‘), 23.87 – 24.00 (m, CH3-ipr); MS-ESI
+
 m/z 
(%): 435 (40, M+H
+




: m/z calcd for C16H25O6N4ClP 
(M+H
+
) 435.1195, found 435.1194; FTIR (CHCl3, cm
-1
) : 3126, 3002, 1754, 1594, 
1567, 1499, 1438, 1339, 1233, 1145, 998. [α]
20





From alcohol 109 (1.19 g, 4 mmol) and 2-amino-6-
chloropurine (882 mg, 5.2 mmol), applied method 




yellowish oil which solidified; 
1
H NMR (DMSO-d6) : 7.99 (s, 1H, H-8), 6.93 (bs, 
2H, NH2), 4.56 (dd, J2‘-1‘b = 7.9 Hz, J2‘-1‘a = 3.6 Hz, 1H, H-2‘), 4.40 – 4.52 (m, 3H, 
CH-ipr, H-1’a), 4.33 (dd, Jgem = 14.7 Hz, J1’b-2‘ = 7.9 Hz, 1H, H-1’b), 3.91 (dd, Jgem = 
13.8 Hz, J4‘a-P = 8.7 Hz, 1H, H-4‘a), 3.76 (dd, Jgem = 13.8 Hz, J4‘b-P = 9.3 Hz, 1H, H-
4‘b), 3.69 (s, 3H, O-CH3), 1.18 (d, JCH3-CH = 6.2 Hz, 3H, CH3-ipr), 1.15 (d, JCH3-CH = 
6.2 Hz, 3H, CH3-ipr), 1.14 (d, JCH3-CH = 6.2 Hz, 3H, CH3-ipr), 1.09 (d, JCH3-CH = 6.2 
Hz, 3H, CH3-ipr); 
13
C NMR (DMSO-d6) : 169.42 (C-3‘), 160.04 (C-2), 154.32 (C-
4), 149.49 (C-6), 143.77 (C-8), 123.15 (C-5), 77.56 (d, JC-O-C-P = 12.4 Hz, C-2‘), 
70.57 (m, CH-ipr), 64.21 (d, JC-P = 164.2 Hz, C-4‘), 52.52 (O-CH3), 44.29 (C-1‘), 
23.66 – 23.91 (m, CH3-ipr); MS-ESI
+
 m/z (%): 450 (40, M+H
+





: m/z calcd for C16H26O6N5ClP (M+H
+
) 450.1304, found 450.1308; 
FTIR (CHCl3, cm
-1
) : 3532, 3424, 3205, 2987, 2958, 2939, 1753, 1612, 1568, 1438, 
1388, 1234, 1180, 1104. [α]
20
D = -10.5 (c = 0.357 g/100mL, DMSO).    
 
(S)-2-[(Diisopropoxyphosphoryl)methoxy)-3-(6-oxo-
1,6-dihydro-9H-purin-9-yl]propanoic acid (112) 
Treatment of compound 110 (435 mg, 1 mmol) by 
method I (chromatography: linear gradient of H1 in 
ethyl acetate) gave 237 mg (yield 59%) of compound 
112 as a yellowish solid; 
1
H NMR (DMSO-d6) : 8.04 
(s, 1H, H-2), 7.99 (s, 1H, H-8), 4.50 (dd, Jgem = 14.4 Hz, J1‘a-2‘ = 3.1 Hz, 1H, H-1’a), 
4.36 – 4.50 (m, 2H, CH-iPr), 4.21 (ddm, Jgem = 14.4 Hz, J1‘b-2‘ = 9.2 Hz, 1H, H-1‘b), 
4.11 (bdd, Jgem = 14.4 Hz, J4’a-P = 8.1 Hz, 1H, H-4’a), 3.97 (dm, J2‘-1’b = 9.2 Hz, 1H, 
H-2‘), 3.57 (dd, Jgem = 13.7 Hz, J4’b-P = 8.8 Hz, 1H, H-4’b), 1.16 (d, JCH3-CH = 6.2 Hz, 
3H, CH3-iPr), 1.11 (d, JCH3-CH = 6.2 Hz, 3H, CH(CH3-iPr), 1.10 (d, JCH3-CH = 6.2 Hz, 
3H, CH3-iPr), 1.07 (d, JCH3-CH = 6.2 Hz, 3H, CH3-iPr); 
13
C NMR (DMSO-d6) : 
170.77 (C-3‘), 157.06 (C-6), 148.73 (C-4), 145.44 (C-2), 140.72 (C-8), 123.77 (C-5), 
81.15 (d, JC-O-C-P = 12.5 Hz, C-2‘), 70.26 (d, JC-O-P = 6.3 Hz, CH-iPr), 70.16 (d, JC-O-P 
= 6.3 Hz, CH-iPr), 63.23 (d, JC-P = 163.6 Hz, C-4‘), 46.18 (C-1‘), 23.65 – 23.94 (m, 
CH3-iPr); MS-ESI
-




: m/z calcd for 
C15H22O7N4P (M-H
+
) 401.1232, found 401.1231; FTIR (KBr, cm
-1
) : 3423, 2981, 
2936, 1699, 1611, 1550, 1465, 1386, 1376, 1243, 1126, 993. [α]
20
D = -14.9 (c = 






methoxy]propanoic acid (85g) 
Treatment of compound 111 (450 mg, 1 mmol) by method I (chromatography: linear 
gradient of H1 in ethyl acetate) gave 234 mg (yield 56%) of the title compound as a 
yellowish solid. For spectroscopical data see part 5.4.3. 
 
(S)-3-(6-Oxo-1,6-dihydro-9H-purin-9-yl)-2-(phospho- 
nomethoxy)propanoic acid (113) 
Treatment of compound 112 (201 mg, 0.5 mmol) by 
method D1 followed by method E gave 110 mg (yield 
69%) of compound 113 as a white solid; 
1
H NMR (D2O) 
: 8.17 (s, 2H, H-2, H-8), 4.60 (dd, Jgem = 14.8 Hz, J1’a-2‘ 
= 4.1 Hz, 1H, H-1’a), 4.54 (dd, Jgem = 14.8 Hz, J1’b-2‘ = 5.6 Hz, 1H, H-1’b), 4.21 (dd, 
J2‘-1‘b = 5.6 Hz, J2‘-1‘a = 4.1 Hz, 1H, H-2‘), 3.72 (dd, Jgem = 12.9 Hz, J4’a-P = 8.8 Hz, 
1H, H-4‘a), 3.48 (dd, Jgem = 12.9 Hz, J4’b-P = 9.9 Hz, 1H, H-4‘b); 
13
C NMR (D2O) : 
177.04 (C-3‘), 159.31 (C-6), 149.78 (C-4), 146.15 (C-2), 143.70, (C-8), 123.47 (C-
5), 81.63 (d, JC-O-C-P = 12.4 Hz, C-2‘), 67.06 (d, JC-P = 155.2 Hz, C-4‘), 46.43 (C-
1‘);MS-ESI
-
 m/z (%): 317 (100, M-H
+
), 339 (25, M+Na
+





: m/z calcd for C9H10O7N4P (M-H
+
) 317.0293, found 317.0293; FTIR 
(KBr, cm
-1
) : 1700, 1586, 1552, 1480, 1414, 1349, 1289, 1152, 1059, 968, 906, 788. 
[α]
20
D = -14.9 (c = 0.470 g/100mL, H2O). 
 
5.6.2. Synthesis of (S)-HPEP derivatives 
     
(R)-1-(Benzyloxy)-3-trityloxypropan-2-ol (115)  
Synthesis and yield of this compound was identical to the preparation 




A mixture of compound 115 (42.5 g, 100 mmol) and 
catalytic amount of KOH (1.4 g, 25 mmol) in dry dioxane 




was added dropwise and the reaction was vigorously stirred at r.t. for 70 h. The 
mixture was poured into water and extracted with ethyl acetate (3 x 500 mL). The 
combined organic phases were washed with brine (2 x 400 mL), dried over MgSO4 
and concentrated in vacuo. The crude mixture was subjected to silica gel 
chromatography (gradient from 20-70% ethylacetate in iso-hexanes with 0.1% Et3N) 
to give (after evaporation) 33 g (yield 56%) of the compound 116 in the form of the 
crude product as a yellowish oil. This compound did not appear entirely pure. MS-
ESI
+




: m/z calcd for C35H41O6NaP (M+Na
+
) 




Compound 116 (33 g of the crude product) was dissolved in 
80% acetic acid (400 mL) and heated to reflux for 2 h. After 
cooling down, the reaction mixture was diluted with 300 mL 
of water/dioxane (1:1) and white crystals of trityl alcohol 
were filtered off. The solution was extracted with ethyl acetate (3 x 400 mL), the 
combined organics were washed with water (2 x 150 mL), brine (2 x 150 mL), dried 
over MgSO4 and concentrated in vacuo to give a crude oil. This was subjected to 
silica gel chromatography (gradient from 40-100% ethylacetate in iso-hexanes and  
0-5% methanol in ethyl acetate) to afford (after evaporation) 13.5 g (yield 39%) of 
compound 116 as a colorless oil; 
1
H NMR (CDCl3) : 7.27 – 7.35 (m, 5H, H-2‘, 3‘, 
4‘), 4.53 (s, 2H, H-6), 4.05 – 4.16 (m, 4H, P-O-CH2-CH3), 3.98 (m, 1H, H-4a), 3.81 
(m, 1H, H-4b), 3.72 (dd, Jgem = 11.7 Hz, J3a-2 = 2.8 Hz, H-3a), 3.62 (m, 1H, H-2), 
3.49 – 3.59 (m, 3H, H-1, H-3b), 2.02 – 2.16 (m, 2H, H-5), 1.32 (t, JCH3-CH2 = 7.1 Hz, 
3H, P-O-CH2-CH3), 1.31 (t, JCH3-CH2 = 7.1 Hz, 3H, P-O-CH2-CH3); 
13
C NMR 
(CDCl3) : 137.98 (C-1‘), 128.34 (C-3‘), 127.62 (C-4‘), 127.54 (C-2‘), 80.02 (C-2), 
73.40 (C-6), 70.19 (C-1), 63.93 (d, JC-C-P = 5.9 Hz, C-4), 62.17 (C-3), 61.87 (d, JC-O-P 
= 6.4 Hz, P-O-CH2-CH3), 61.57 (d, JC-O-P = 6.5 Hz, P-O-CH2-CH3), 27.08 (d, JC-P = 
141.5 Hz, C-5), 16.32 (d, JC-C-O-P = 6.2 Hz, P-O-CH2-CH3); MS-ESI
+
 m/z (%): 347 
(20, M+H
+




: m/z calcd for C16H28O6P (M+H
+
) 
347.1618, found 347.1617. Anal. Calcd. for: C16H28O6P H2O: C, 52.74;  H, 8.02; P, 
8.50. Found: C, 52.95; H, 7.98; P, 8.40. [α]
20








From alcohol 117 (3.46 g, 10 mmol) and 6-
chloropurine (2.0 g, 13 mmol), applied method G, 
obtained 3.85 g (yield 80%) of compound 118 as a 
yellowish oil; 
1
H NMR (DMSO-d6) : 8.76 (s, 1H, H-2), 8.66 (s, 1H, H-8), 7.26 – 
7.35 (m, 5H, H-2‘‘, H-3‘‘, H-4‘‘), 4.38 – 4.52 (m, 4H, H-1‘, H-4‘), 3.99 (m, 1H, H-
2‘), 3.87 – 3.93 (m, 4H, P-O-CH2-CH3), 3.68 (m, 1H, H-5’a), 3.53 (m, 1H, H-5’b), 
3.50 (d, J3‘-2‘ = 5.0 Hz, 2H, H-3‘), 1.89 (dt, J6‘-5‘ = 7.4 Hz, J6‘-P = 18.3 Hz, 2H, H-6‘), 
1.15 (t, JCH3-CH2 = 7.0 Hz, 6H, P-O-CH2-CH3); 
13
C NMR (DMSO-d6) : 152.42 (C-
4), 151.68 (C-2), 149.12 (C-6), 148.33 (C-8), 138.22 (C-1‘‘), 130.78 (C-5), 128.42 
(C-3‘‘), 127.72 (C-2‘‘), 127.71 (C-4‘‘), 76.12 (C-2‘), 72.63 (C-4‘), 69.46 (C-3‘), 
63.99 (C-5‘), 61.15 (d, JC-O-P = 6.1 Hz, P-O-CH2-CH3), 44.96 (C-1‘), 26.30 (d, JC-P = 
136.9 Hz, C-6‘), 16.37 (d, JC-C-O-P = 5.9 Hz, P-O-CH2-CH3); MS-ESI
+
 m/z (%): 483 
(100, M+H
+




: m/z calcd for C21H29O5N4ClP (M+H
+
) 
483.1559, found 483.1558. [α]
20





Compound 117 (1.73 g, 5 mmol) and 2-amino-6-
chloropurine (1.1 g, 6.5 mmol), applied method 
H to give 1.4 g (yield 55%) of compound 119 as 
a yellowish oil; 
1
H NMR (DMSO-d6) : 8.07 (s, 1H, H-8), 7.27 – 7.36 (m, 5H, H-2‘‘, 
H-3‘‘, H-4‘‘), 6.91 (bs, 2H, NH2), 4.49 (s, 2H, H-4‘), 4.22 (dd, Jgem = 14.5 Hz, J1‘a-2‘ 
= 4.1 Hz, 1H, H-1’a), 4.12 (dd, Jgem = 14.5 Hz, J1‘b-2‘ = 7.5 Hz, 1H, H-1‘b), 3.87 – 
3.94 (m, 5H, H-2‘, P-O-CH2-CH3), 3.66 (m, 1H, H-5’a), 3.45 – 3.52 (m, 3H, H-3‘, 
H-5‘b), 1.84 – 1.91 (m, 2H, H-6‘), 1.20 (t, JCH3-CH2 = 7.1 Hz, 3H, P-O-CH2-CH3), 
1.16 (t, JCH3-CH2 = 7.1 Hz, 3H, P-O-CH2-CH3); 
13
C NMR (DMSO-d6) : 159.99 (C-
2), 154.53 (C-4), 149.48 (C-6), 144.01 (C-8), 138.24 (C-1‘‘), 128.47 (C-3‘‘), 127.77 
(C-2‘‘), 127.59 (C-4‘‘), 123.28 (C-5), 76.18 (C-2‘), 72.67 (C-4‘), 69.66 (C-3‘), 64.00 
(C-5‘), 61.19 (d, JC-O-P = 6.1 Hz, P-O-CH2-CH3), 44.36 (C-1‘), 26.37 (d, JC-P = 136.2 
Hz, C-6‘), 16.39 (d, JC-C-O-P = 5.9 Hz, P-O-CH2-CH3); MS-ESI
+










: m/z calcd for C21H29O5N5ClNaP (M+Na
+
) 
520.1487, found 520.1487. Anal. Calcd. for: C21H29O5N5ClP: C, 50.66;  H, 5.87; N, 
14.07; P, 6.22; Cl, 7.12. Found: C, 50.48; H, 5.99; N, 14.10; P, 5.97; Cl, 7.03. [α]
20
D 





Treatment of compound 118 (966 mg, 2 mmol) by 
method I (chromatography: gradient from 1-5% 
methanol in chloroform) gave 761 mg (yield 82%) 
of compound 120 as a yellowish oil; 
1
H NMR (DMSO-d6) : 12.29 (s, 1H, NH), 8.04 
(s, 2H, H-2), 8.04 (s, 2H, H-8), 7.27 – 7.36 (m, 5H, H-2‘‘, H-3‘‘, H-4‘‘), 4.49 (s, 2H, 
H-4‘), 4.32 (dd, Jgem = 14.3 Hz, J1‘a-2‘ = 4.1 Hz, 1H, H-1’a), 4.21 (dd, Jgem = 14.3 Hz, 
J1‘b-2‘ = 7.3 Hz, 1H, H-1‘b), 3.88 – 3.95 (m, 5H, H-2‘, P-O-CH2-CH3), 3.65 (m, 1H, 
H-5’a), 3.43 – 3.56 (m, 3H, H-3‘, H-5‘b), 1.88 (dt, J6‘-P = 18.3 Hz, 2H, H-6‘), 1.16 (t, 
JCH3-CH2 = 7.1 Hz, 6H, P-O-CH2-CH3); 
13
C NMR (DMSO-d6) : 156.88 (C-6), 
148.78 (C-4), 145.68 (C-2), 141.15 (C-8), 138.30 (C-1‘‘), 128.46 (C-3‘‘), 127.75 (C-
2‘‘), 127.72 (C-4‘‘), 123.86 (C-5), 76.61 (C-2‘), 72.63 (C-4‘), 69.62 (C-3‘), 64.07 
(C-5‘), 61.18 (d, JC-O-P = 6.1 Hz, P-O-CH2-CH3), 61.17 (d, JC-O-P = 6.1 Hz, P-O-
CH2-CH3), 44.54 (C-1‘), 26.35 (d, JC-P = 136.5 Hz, C-6‘), 16.39 (d, JC-C-O-P = 5.9 Hz, 
P-O-CH2-CH3); MS-ESI
+
 m/z (%): 465 (30, M+H
+





: m/z calcd for C21H29O6N4NaP (M+Na
+
) 487.1717, found 487.1716. Anal. 
Calcd. for: C21H29O6N4P: C, 54.31;  H, 6.29; N, 12.06; P, 6.67. Found: C, 54.11; H, 
6.35; N, 11.89; P, 6.51. [α]
20





Treatment of compound 119 (996 mg, 2 mmol) 
by method I (chromatography: gradient from 1-
7% methanol in chloroform) gave 631 mg (yield 
66%) of compound 121 as a yellowish solid; 
1
H NMR (DMSO-d6) : 10.57 (s, 1H, 




4.49 (s, 2H, H-4‘), 3,97 – 4.12 (m, 2H, H-1‘), 3.84 – 3.95 (m, 5H, H-2‘, P-O-CH2-
CH3), 3.64 (m, 1H, H-5’a), 3.38 – 3.52 (m, 3H, H-3‘), 3.38 – 3.52 (m, 3H, H-5‘b), 
1.88 (dt, J6‘-5‘ = 7.5 Hz, J6‘-P = 18.3 Hz, 2H, H-6‘), 1.17 (t, JCH3-CH2 = 7.0 Hz, 6H, P-
O-CH2-CH3); 
13
C NMR (DMSO-d6) : 157.03 (C-6), 153.72 (C-2), 151.56 (C-4), 
138.30 (C-1‘‘), 138.27 (C-8), 128.49 (C-3‘‘), 127.80 (C-2‘‘), 127.74 (C-4‘‘), 116.49 
(C-5), 76.56 (C-2‘), 72.66 (C-4‘), 69.83 (C-3‘), 64.05 (C-5‘), 61.21 (d, JC-O-P = 6.1 
Hz, P-O-CH2-CH3), 61.20 (d, JC-O-P = 6.1 Hz, P-O-CH2-CH3), 44.09 (C-1‘), 26.36 
(d, JC-P = 136.2 Hz, C-6‘), 16.40 (d, JC-C-O-P = 5.8 Hz, P-O-CH2-CH3); MS-ESI
+
 m/z 
(%): 480 (55, M+H
+




: m/z calcd for C21H31O6N5P 
(M+H
+
) 480.2007, found 480.2006. Anal. Calcd. for: C21H31O6N5P: C, 52.61;  H, 
6.31; N, 14.61; P, 6.46. Found: C, 52.37; H, 6.32; N, 14.47; P, 6.37. [α]
20
D = -10.5 (c 





Compound 120 (720 mg, 1.55 mmol) was treated 
with method K to give 465 mg (yield 80%) of 
compound 122 as a yellowish oil which solidified; 
1
H 
NMR (DMSO-d6) : 8.04 (m, 2H, H-2), 8.04 (m, 2H, H-8), 4.90 (bs, 1H, OH), 4.30 
(dd, Jgem = 14.3 Hz, J1‘a-2‘ = 3.9 Hz, 1H, H-1’a), 4.14 (dd, Jgem = 14.4 Hz, J1‘b-2‘ = 7.6 
Hz, 1H, H-1‘b), 3.88 – 3.96 (m, 4H, P-O-CH2-CH3), 3.58 – 3.71 (m, 2H, H-2‘, H-
4‘a), 3.39 – 3.51 (m, 3H, H-3’, H-4’b), 1.85 – 1.92 (m, 2H, H-5’), 1.18 (t, JCH3-CH2 = 
7.1 Hz, 6H, P-O-CH2-CH3); 
13
C NMR (DMSO-d6) : 156.90 (C-6), 148.77 (C-4), 
145.68 (C-2), 141.19 (C-8), 123.87 (C-5), 78.64 (C-2‘), 63.86 (C-4‘), 61.22 (m, P-O-
CH2-CH3), 60.91 (C-3‘), 44.48 (C-1‘), 26.34 (d, JC-P = 136.7 Hz, C-5‘), 16.41 (d, JC-
C-O-P = 6.0 Hz, P-O-CH2-CH3); MS-ESI
+
 m/z (%): 375 (100, M+H
+





: m/z calcd for C14H24O6N4P (M+H
+
) 375.1428, found 
375.1427; FTIR (KBr, cm
-1
) : 3052, 1696, 1593, 1551, 1414, 1341, 1221, 1118, 
1100, 1054, 1042, 1028, 961, 789. Anal. Calcd. for: C14H24O6N4P: C, 44.92;  H, 
6.19; N, 14.97; P, 8.27. Found: C, 45.13; H, 6.33; N, 14.75; P, 8.13. [α]
20
D = -12.5 (c 









Compound 121 (580 mg, 1.21 mmol) was treated 
with method K to give 367 mg (yield 78%) of 
compound 123 as a white solid; 
1
H NMR (DMSO-
d6) : 7.62 (s, 1H, H-8), 4.10 (dd, Jgem = 14.3 Hz, J1‘a-2‘ = 4.1 Hz, 1H, H-1’a), 3.91 – 
3.99 (m, 5H, H-1’b, P-O-CH2-CH3), 3.61 – 3.68 (m, 2H, H-2‘, H-4‘a), 3.53 (m, 1H, 
H-4’b), 3.38 – 3.41 (m, 2H, H-3’), 1.86 – 1.95 (m, 2H, H-5’), 1.21 (t, JCH3-CH2 = 7.1 
Hz, 3H, P-O-CH2-CH3); 1.20 (t, JCH3-CH2 = 7.1 Hz, 3H, P-O-CH2-CH3); 
13
C NMR 
(DMSO-d6) : 156.82 (C-6), 153.58 (C-2), 151.38 (C-4), 138.10 (C-8), 116.40 (C-5), 
78.45 (C-2‘), 63.64 (C-4‘), 61.07 (m, P-O-CH2-CH3), 60.87 (C-3‘), 43.70 (C-1‘), 
26.36 (d, JC-P = 136.7 Hz, C-5‘), 16.20 (d, JC-C-O-P = 5.8 Hz, P-O-CH2-CH3); MS-
ESI
+
 m/z (%): 390 (100, M+H
+




: m/z calcd for 
C14H25O6N5P (M+H
+
) 390.1537, found 390.1536; FTIR (KBr, cm
-1
) : 3423, 3123, 
2982, 1691, 1657, 1609, 1583, 1540, 1481, 1412, 1229, 1167, 1117, 1051, 1027, 961, 
782. Anal. Calcd. for: C14H25O6N5P: C, 43.19;  H, 6.21; N, 17.99; P, 7.96. Found: C, 
42.95; H, 6.25; N, 17.91; P, 7.83. [α]
20
D = -22.6 (c = 0.261 g/100mL, MeOH). 
 
(S)-{2-[(1-Hydroxy-3-(6-oxo-1,6-dihydro-9H-purin-
9-yl)propan-2-yl)oxy]ethyl}phosphonic acid (124) 
Treatment of compound 122 (187 mg, 0.5 mmol) by 
method D1 followed by method E gave 116 mg (yield 
73%) of compound 124 as a white solid; 
1
H NMR 
(D2O) : 8.12 (s, 1H, H-2), 8.10 (s, 1H, H-8), 4.40 (dd, 
Jgem = 14.7 Hz, J1‘a-2‘ = 3.8 Hz, 1H, H-1’a), 4.26 (dd, Jgem = 14.8 Hz, J1‘b-2‘ = 7.7 Hz, 
1H, H-1‘b), 3.81 (m, 1H, H-2‘), 3.63 – 3.70 (m, 2H, H-3’a, H-4’a), 3.47 – 3.54 (m, 
2H, H-3’b, H-4’b), 1.60 – 1.76 (m, 2H, H-5‘); 
13
C NMR (D2O) : 158.46 (C-6), 
149.02 (C-4), 145.79 (C-2), 142.75 (C-8), 122.92 (C-5), 78.08 (C-2‘), 65.90 (C-4‘), 
60.52 (C-3‘), 44.68 (C-1‘), 28.86 (d, JC-P = 129.9 Hz, C-5‘); MS-ESI
+
 m/z (%): 319 
(100, M+H
+




: m/z calcd for C10H16O6N4P (M+H
+
) 
319.0802, found 319.0802; FTIR (KBr, cm
-1
) : 3050, 1689, 1592, 1552, 1521, 1414, 
1343, 1211, 1097, 1055, 1041, 909, 789. [α]
20






phosphonic acid (ammonium salt) (124a) 
Treatment of compound 122 (187 mg, 0.5 mmol) by method D1; the reaction 
mixture was evaporated, codistilled with acetonitrile (3 x 20 mL) and neutralized 
with excess of aqueous ammonia (1:10 with water). Volatiles were evaporated and 
crystallization from EtOAc-MeOH afforded the corresponding ammonium salt as a 





Treatment of compound 123 (195 mg, 0.5 mmol) by 
method D1 followed by method E gave 127 mg 
(yield 76%) of compound 125 as a white solid; 
1
H 
NMR (D2O) : 7.74 (s, 1H, H-8), 4.19 (dd, Jgem = 14.8 Hz, J1‘a-2‘ = 4.1 Hz, 1H, H-
1’a), 4.04 (dd, Jgem = 14.8 Hz, J1‘b-2‘ = 7.1 Hz, 1H, H-1‘b), 3.75 (m, 1H, H-2), 3.52 – 
3.69 (m, 3H, H-3’a), 3.52 – 3.69 (m, 3H, H-4‘), 3.45 (dd, Jgem = 12.4 Hz, J3‘b-2‘ = 5.5 
Hz, 1H, H-3‘b), 1.62 – 1.77 (m, 2H, H-5‘); 
13
C NMR (D2O) : 158.54 (C-6), 153.46 
(C-2), 151.47 (C-4), 140.24 (C-8), 115.16 (C-5), 65.61 (d, JC-C-P = 1.8 Hz, C-4‘), 
60.22 (C-3‘), 43.46 (C-1‘), 28.61 (d, JC-P = 130.0 Hz, C-5‘); MS-ESI
+
 m/z (%): 334 
(100, M+H
+




: m/z calcd for C10H17O6N5P (M+H
+
) 
334.0911, found 334.0910; FTIR (KBr, cm
-1
) : 3379, 3320, 3222, 1688, 1655, 1611, 
1580, 1539, 1480, 1411, 1097, 1049, 909, 781. [α]
20




phosphonic acid (ammonium salt) (125a) 
Treatment of compound 123 (195 mg, 0.5 mmol) by method D1; the reaction was 
evaporated, codistilled with acetonitrile (3 x 20 ml) and neutralized with excess of 
aqueous ammonia (1:10 with water). Volatiles were evaporated and crystallization 
from EtOAc-MeOH afforded the corresponding ammonium salt as a white solid (111 








Compound 125 (250 mg, 0.75 mmol) was dissolved in 
80% acetic acid (50 mL) and iso-pentyl nitrite (1.5 
mL) was added. The reaction mixture was stirred at 
r.t. overnight. Volatiles were evaporated and a residue was codistilled with water (3 x 
10 mL) and toluene (3 x 20 mL). The crude product was purified by method E to 
give 87 mg (yield 35%) of compound 126 as a white solid; 
1
H NMR (D2O + NaOD) 
: 7.73 (s, 1H, H-8), 4.23 (dd, Jgem = 14.8 Hz, J1‘b-2‘ = 4.3 Hz, 1H, H-1’b), 4.10 (dd, 
Jgem = 14.8 Hz, J1‘a-2‘ = 6.9 Hz, 1H, H-1‘a), 3.85 (ddt, J2‘-1’a = 6.9 Hz, J2‘-3’a = 5.2 Hz, 
J2‘-1’b = J2‘-3’b = 4.4 Hz, 1H, H-2‘), 3.78 (m, 1H, H-4’b), 3.69 (m, 1H, H-4’a), 3.59 
(dd, Jgem = 12.4 Hz, J3‘b-2‘ = 4.5 Hz, 1H, H-3’b), 3.52 (dd, Jgem = 12.4 Hz, J3‘a-2‘ = 5.3 
Hz, 1H, H-3‘a), 1.68 – 1.81 (m, 2H, H-5‘); 
13
C NMR (D2O + NaOD) : 161.65 (C-
6), 160.15 (C-2), 154.03 (C-4), 140.63 (C-8), 115.07 (C-5), 78.40 (C-2‘), 67.49 (C-
4‘), 60.99 (C-3‘), 43.98 (C-1‘), 30.46 (d, JC-P = 126.2 Hz, C-5‘); MS-ESI
-
 m/z (%): 
333 (100, M-H
+




: m/z calcd for C10H14O7N4P (M-H
+
) 
333.0606, found 333.0607; FTIR (KBr, cm
-1
) : 3500, 3193, 3124, 2294, 1720, 1695, 
1612, 1580, 1393, 1149, 1100, 1051, 1010, 747. [α]
20






Compound 118 (966 mg, 2 mmol) was placed into 2 
reaction vials and a solution of 3.5 M ammonia in 
ethanol (5 ml) was added to each of them. Each vial 
was microwave irradiated at 140 °C for 30 min. The mixture was evaporated and 
codistilled with water (2 x 10 mL) and ethanol (2 x 10 mL). The residue was purified 
by silica gel chromatography (gradient from 0-5% methanol in chloroform) to afford 
(after evaporation) 816 mg (yield 88%) of compound 127 as a colorless oil which 
solidified; 
1
H NMR (DMSO-d6) : 8.14 (s, 1H, H-2), 8.07 (s, 1H, H-8), 7.27 – 7.36 
(m, 5H, H-2‘‘, H-3‘‘, H-4‘‘), 7.20 (bs, 2H, NH2), 4.49 (s, 2H, H-4‘), 4.32 (dd, Jgem = 




1‘b), 3.86  - 3.96 (m, 5H, H-2‘, P-O-CH2-CH3), 3.65 (m, 1H, H-5’a), 3.43 – 3.54 (m, 
3H, H-3‘, H-5’b), 1.87 (dt, J6‘-P = 18.2 Hz, 2H, H-6‘), 1.16 (t, JCH3-CH2 = 7.1 Hz, 6H, 
P-O-CH2-CH3); 
13
C NMR (DMSO-d6) : 156.15 (C-6), 152.60 (C-2), 149.90 (C-4), 
141.65 (C-8), 138.33 (C-1‘‘), 128.45 (C-3‘‘), 127.75 (C-2‘‘), 127.70 (C-4‘‘), 118.66 
(C-5), 76.50 (C-2‘), 72.61 (C-4‘), 69.78 (C-3‘), 64.03 (C-5‘), 61.15 (d, JC-O-P = 6.2 
Hz, P-O-CH2-CH3), 44.14 (C-1‘), 26.35 (d, JC-P = 136.4 Hz, C-6‘), 16.39 (d, JC-C-O-P 
= 5.8 Hz, P-O-CH2-CH3); MS-ESI
+
 m/z (%): 464 (100, M+H
+





: m/z calcd for C21H31O5N5P (M+H
+
) 464.2057, found 464.2057. Anal. 
Calcd. for: C21H30O5N5P: C, 54.42;  H, 6.52; N, 15.11; P, 6.68. Found: C, 54.63; H, 
6.66; N, 14.95; P, 6.41. [α]
20




Compound 127 (834 mg, 1.8 mmol) was treated with 
method K to give 605 mg (yield 90%) of compound 
128 as a colorless oil; 
1
H NMR (DMSO-d6) : 8.14 (s, 
1H, H-2), 8.08 (s, 1H, H-8), 7.21 (bs, 2H, NH2), 4.31 
(dd, Jgem = 14.4 Hz, J1‘a-2‘ = 4.3 Hz, 1H, H-1’a), 4.21 (dd, Jgem = 14.4 Hz, J1‘b-2‘ = 7.3 
Hz, 1H, H-1‘b), 3.87 – 3.95 (m, 4H, P-O-CH2-CH3), 3.72 (m, J2‘-1’a = 4.2 Hz, J2‘-1’b = 
7.2 Hz, J2‘-3‘ = 5.3 Hz, 1H, H-2‘), 3.62 (m, 1H, H-4’a), 3.49 (m, 1H, H-4’b), 3.37 (m, 
2H, H-3‘), 1.88 (m, 2H, H-5‘), 1.18 (t, JCH3-CH2 = 7.1 Hz, 3H, P-O-CH2-CH3), 1.17 
(t, JCH3-CH2 = 7.1 Hz, 3H, P-O-CH2-CH3); 
13
C NMR (DMSO-d6) : 156.16 (C-6), 
152.57 (C-2), 149.89 (C-4), 141.76 (C-8), 118.66 (C-5), 78.49 (C-2‘), 63.81 (C-4‘), 
61.21 (d, JC-O-P = 6.4 Hz, P-O-CH2-CH3), 61.18 (d, JC-O-P = 6.4 Hz, P-O-CH2-CH3), 
60.98 (C-3‘), 44.03 (C-1‘), 26.33 (d, JC-P = 136.3 Hz, C-5‘), 16.40 (d, JC-C-O-P = 5.8 
Hz, P-O-CH2-CH3); MS-ESI
+
 m/z (%): 374 (25, M+H
+





: m/z calcd for C14H25O5N5P (M+H
+
) 374.1588, found 374.1587; FTIR (KBr, 
cm
-1
) : 3333, 3191, 1645, 1600, 1576, 1478, 1417, 1392, 1327, 1300, 1229, 1164, 
1115, 1051, 1028, 962. Anal. Calcd. for: C14H24O5N5P: C, 45.04;  H, 6.48; N, 18.76; 
P, 8.30. Found: C, 44.86; H, 6.59; N, 18.55; P, 8.18. [α]
20








propan-2-yl)oxy]ethyl}phosphonic acid (129) 
Treatment of compound 128 (187 mg, 0.5 mmol) by 
metod D1 followed by method E gave 125 mg (yield 
79%) of compound 129 as a white solid; 
1
H NMR (D2O) 
: 8.07 (s, 1H, H-2), 8.02 (s, 1H, H-8), 4.30 (dd, Jgem = 
14.7 Hz, J1‘a-2‘ = 3.8 Hz, 1H, H-1’a), 4.17 (dd, Jgem = 14.7 Hz, J1‘b-2‘ = 7.6 Hz, 1H, H-
1‘b), 3.75 (dsext, J2‘-1‘a = 3.9 Hz, J2‘-1‘b = 7.7 Hz, 1H, H-2‘), 3.58 – 3.66 (m, 2H, H-
3’a, H-4’a), 3.38 – 3.46 (m, 2H, H-3’b, H-4’b), 1.60 (m, 2H, H-5‘); 
13
C NMR (D2O) 
: 155.24 (C-6), 152.15 (C-2), 148.82 (C-4), 142.88 (C-8), 118.00 (C-5), 77.86 (C-
2‘), 65.92 (d, JC-C-P = 1.4 Hz, C-4‘), 60.44 (C-3‘), 44.18 (C-1‘), 28.85 (d, JC-P = 129.6 
Hz, C-5‘); MS-ESI
+
 m/z (%): 318 (100, M+H
+





calcd for C10H17O5N5P (M+H
+
) 318.0962, found 318.0962; FTIR (KBr, cm
-1
) : 
1645, 1605, 1577, 1515, 1479, 1306, 1100, 1047, 902, 797. [α]
20






Compound 119 (498 mg, 1 mmol) was placed into 
reaction vial and a solution of 3.5 M ammonia in 
ethanol (5 mL) was added. The vial was 
microwave irradiated at 120 °C for 1 h. The mixture was evaporated and codistilled 
with water (2 x 10 mL) and ethanol (2 x 10 mL). The residue was purified by silica 
gel chromatography (gradient from 0-7% methanol in chloroform) to afford (after 
evaporation) 407 mg (yield 85%) of compound 130 as a colorless oil; MS-ESI
+
 m/z 
(%): 479 (100, M+H
+




: m/z calcd for C21H31O5N5P 
(M+H
+











Compound 130 (383 mg, 0.8 mmol) was treated 
with method K to afford (after evaporation) 273 
mg (yield 88%) of compound 131 as a yellowish 
oil; 
1
H NMR (DMSO-d6) : 7.65 (s, 1H, H-8), 6.67 (bs, 2H, 6-NH2), 5.80 (bs, 2H, 2-
NH2), 4.99 (bs, 1H, 3’-OH), 4.11 (dd, Jgem = 14.4 Hz, J1’a-2‘ = 4.1 Hz, 1H, H-1’a), 
3.89 – 3.99 (m, 5H, H-1’b, P-O-CH2-CH3), 3.61 – 3.67 (m, 2H, H-2’, H-4’a), 3.54 
(m, 1H, H-4’b), 3.33 – 3.39 (m, 2H, H-3’), 1.88 – 1.94 (dm, 2H, J5’-P = 18.1 Hz, 2H, 
H-5’), 1.19 (t, JCH3-CH2 = 7.0 Hz, 3H, P-O-CH2-CH3), 1.18 (t, JCH3-CH2 = 7.0 Hz, 3H, 
P-O-CH2-CH3); 
13
C NMR (DMSO-d6) : 160.41 (C-2), 156.33 (C-6), 152.09 (C-4), 
138.41 (C-8), 113.03 (C-5), 78.45 (C-2’), 63.73 (C-4’), 61.22 (m, P-O-CH2-CH3), 
60.80 (C-3’), 43.30 (C-1’), 26.35 (d, JC-P = 136.4 Hz, C-5’), 16.42 (d, JC-C-O-P = 5.7 
Hz, P-O-CH2-CH3); MS-ESI
+
 m/z (%): 389 (35, M+H
+





: m/z calcd for C14H26O5N6P (M+H
+
) 389.1697, found 389.1697; FTIR (KBr, 
cm
-1
) : 3336, 3201, 2983, 1637, 1596, 1477, 1410, 1392, 1344, 1279, 1223, 1165, 
1123, 1100, 1047, 1029, 964, 792. [α]
20





Treatment of compound 131 (194 mg, 0.5 mmol) by 
method D1 followed by method E gave 125 mg 
(yield 75%) of compound 132 as a white solid; 
1
H 
NMR (D2O + NaOD) : 7.81 (s, 1H, H-8), 4.26 (dd, Jgem = 14.8 Hz, J1’a-2‘ = 4.3 Hz, 
1H, H-1’a), 4.12 (dd, Jgem = 14.8 Hz, J1’b-2‘ = 6.9 Hz, 1H, H-1’b), 3.83 (m, 1H, H-2’), 
3.75 (m, 1H, H-4’a), 3.68 (dd, Jgem = 12.3 Hz, J3’a-2‘ = 4.4 Hz, 1H, H-3’a), 3.67 (m, 
1H, H-4’b), 3.50 (dd, Jgem = 12.3 Hz, J3’b-2‘ = 5.3 Hz, 1H, H-3’b), 1.59 – 1.70 (m, 2H, 
H-5’); 
13
C NMR (D2O + NaOD) : 160.56 (C-2), 156.64 (C-6), 151.83 (C-4), 141.31 
(C-8), 113.25 (C-5), 78.23 (C-2’), 68.11 (d, JC-C-P = 3.3 Hz, C-4’), 61.07 (C-3’), 
44.07 (C-1’), 30.96 (d, JC-P = 124.0 Hz, C-5’); MS-ESI
+





: m/z calcd for C10H18O5N6P (M+H
+






) : 3330, 3184, 1653, 1601, 1409, 1222, 1122, 1050, 1037, 911. [α]
20
D =  
-11.8 (c = 0.279 g/100mL, H2O). 
 
(R)-3-(Benzyloxy)-2-[2-(diethoxyphosphoryl)ethoxy] 
propyl 4-methylbenzenesulfonate (133) 
Compound 117 (13 g, 37.5 mmol) was dissolved in dry 
pyridine (350 mL) in a round-bottomed flask with a drying 
tube (protecting the reaction from moisture). The solution 
was cooled to 0 °C (ice bath), p-toluenesulfonyl chloride 
(14.3 g, 75 mmol) and 4-(dimetylamino)pyridine (1.4 g, 11.3 
mmol) were added. Ice bath was removed and the reaction 
mixture was stirred at r.t. overnight. The solution was poured into ice and extracted 
with ethyl acetate (3 x 300 mL). The combined organic layers were washed with 
saturated aqueous solution of sodium bicarbonate (2 x 200 mL), brine (2 x 200 mL), 
dried over MgSO4 and concentrated to give the crude residue. The residue was 
purified by silica gel chromatography (gradient from 30-100% ethyl acetate in iso-
hexanes and 0-4% methanol in ethyl acetate) to afford (after evaporation) 15.6 g 
(yield 83%) of compound 133 as a colorless oil; 
1
H NMR (CDCl3) : 7.78 (m, 2H, 
H-2‘), 7.23 – 7.34 (m, 7H, H-3‘, H-2‘‘, H-3‘‘, H-4‘‘), 4.46 (m, 2H, H-6), 4.16 (dd, 
Jgem = 10.5 Hz, J3a-2 = 4.2 Hz, 1H, H-3a), 4.02 – 4.10 (m, 5H, H-3b, P-O-CH2-CH3), 
3.75 (m, 2H, H-4), 3.68 (m, 1H, H-2), 3.49 (m, 2H, H-1), 2.43 (s, 3H, 4‘-CH3), 2.03 
(dt, J5-P = 18.6 Hz, 2H, H-5), 1.30 (dt, JCH3-P = 3.0 Hz, JCH3-CH2 = 7.1 Hz, 6H, P-O-
CH2-CH3); 
13
C NMR (CDCl3) : 144.82 (C-4‘), 137.62 (C-1‘‘), 132.78 (C-1‘), 
129.80 (C-3‘), 128.34 (C-3‘‘), 127.89 (C-2‘), 127.71 (C-4‘‘), 127.54 (C-2‘‘), 76.46 
(C-2), 73.41 (C-6), 69.22 (C-3), 68.50 (C-1), 64.51 (C-4), 61.60 (m, P-O-CH2-CH3), 
27.14 (d, JC-P = 139.6 Hz, C-5), 21.57 (4‘-CH3), 16.34 (d, JC-C-O-P = 6.0 Hz, P-O-
CH2-CH3); MS-ESI
+
 m/z (%): 501 (55, M+H
+





calcd for C23H34O8PS (M+H
+
) 501.1707, found 501.1703. Anal. Calcd. for 
C23H33O8PS: C, 55.19; H, 6.55; P, 6.19; S, 6.41. Found: C, 55.21; H, 6.68; P, 5.89; S, 
6.11. [α]
20









Compound 133 (11.0 g, 22.0 mmol) was dissolved in the 
mixture of methanol and acetic acid (5:1, 300 mL) and 
treated by method K (chromatography: gradient from 0-5% 
methanol in chloroform) to give (after evaporation) 8.58 g (yield 95%) of compound 
134 as a colorless oil; 
1
H NMR (CDCl3) : 7.78 (m, 2H, H-2‘), 7.35 (m, 2H, H-3‘), 
4.00 – 4.14 (m, 6H, H-3, P-O-CH2-CH3), 3.89 (m, 1H, H-4a), 3.76 (m, 1H, H-4b), 
3.69 (dd, Jgem = 12.2 Hz, J1a-2 = 3.1 Hz, 1H, H-1a), 3.62 (m, 1H, H-2), 3.46 (dd, Jgem 
= 12.2 Hz, J1b-2 = 5.8 Hz, 1H, H-1b), 3.15 (bs, 1H, OH), 2.45 (s, 3H, 4‘-CH3), 2.04 
(m, 2H, H-5), 1.32 (t, JCH3-CH2 = 7.1 Hz, 3H, P-O-CH2-CH3), 1.30 (t, JCH3-CH2 = 7.1 
Hz, 3H, P-O-CH2-CH3); 
13
C NMR (CDCl3) : 144.95 (C-4‘), 132.75 (C-1‘), 129.87 
(C-3‘), 127.91 (C-2‘), 78.52 (C-2), 69.35 (C-3), 64.02 (d, JC-C-P = 6.8 Hz, C-4), 62.05 
(d, JC-O-P = 6.4 Hz, P-O-CH2-CH3), 61.61 (d, JC-O-P = 6.4 Hz, P-O-CH2-CH3), 60.83 
(C-1), 26.90 (d, JC-P = 141.9 Hz, C-5), 21.61 (4‘-CH3), 16.33 (d, JC-C-O-P = 6.1 Hz, P-
O-CH2-CH3); MS-ESI
+
 m/z (%): 411 (20, M+H
+





m/z calcd for C16H28O8PS (M+H
+
) 411.1237, found 411.1237. Anal. Calcd. for 
C16H27O8PS: C, 46.82; H, 6.63; P, 7.55; S, 7.81. Found: C, 46.90; H, 6.73; P, 7.33; S, 
7.54. [α]
20





N-Benzoylcytosine (710 mg, 3.3 mmol) and sodium 
hydride (60% suspension in mineral oil) (150 mg, 3.6 
mmol) were suspended in dry DMF (40 mL). The 
reaction mixture was heated at 80 °C for 1 h. Then a 
solution of compound 134 (1.23 g, 3 mmol) in dry DMF (20 mL) was added 
dropwise. The reaction mixture was heated at 80 °C and temperature was gradually 
elevated up to 110 °C during 3 h. After cooling down, the solution was neutralized 
with glacial acetic acid and volatiles were evaporated. A residue was codistilled with 
toluene (3 x 30 mL) and purified by silica gel chromatography (gradient from 0-4% 
methanol in chloroform) to afford (after evaporation) 459 mg (yield 34%) of 
compound 135 as a white solid; 
1




J6-5 = 7.2 Hz, 1H, H-6), 8.00 (m, 2H, H-2’’), 7.62 (m, 1H, H-4’’), 7.51 (m, 2H, H-
3’’), 7.31 (d, J5-6 = 7.2 Hz, 1H, H-5), 4.85 (t, JOH-3’ = 5.8 Hz, 3’-OH), 4.11 (dd, Jgem = 
13.2 Hz, J1’a-2‘ = 3.6 Hz, 1H, H-1’a), 3.91 – 4.00 (m, 4H, P-O-CH2-CH3), 3.61 – 3.74 
(m, 3H, H-1’b, H-2’, H-4’a), 3.39 – 3.54 (m, 3H, H-3’, H-4’b), 1.96 (dt, J5’-P = 18.2 
Hz, J5’-4’ = 7.4 Hz, 2H, H-5’), 1.19 (t, JCH3-CH2 = 7.1 Hz, 6H, P-O-CH2-CH3); 
13
C 
NMR (DMSO-d6) : 167.50 (C=O), 163.20 (C-4), 155.90 (C-2), 151.60 (C-6), 
133.38 (C-1’’), 132.86 (C-4’’), 128.63 (C-3’’), 128.57 (C-2’’), 95.60 (C-5), 77.79 
(C-2’), 64.13 (C-4’), 61.21 (m, P-O-CH2-CH3), 61.05 (C-3’), 51.03 (C-1’), 26.46 (d, 
JC-P = 136.7 Hz, C-5’), 16.40 (d, JC-C-O-P = 6.0 Hz, P-O-CH2-CH3); MS-ESI
+
 m/z (%): 
454 (25, M+H
+




: m/z calcd for C20H29O7N3P 
(M+H
+
) 454.1738, found 454.1738; FTIR (KBr, cm
-1
) : 3414, 1696, 1656, 1623, 
1561, 1487, 1384, 1367, 1224, 1163, 1098, 1050, 1028, 961, 707. [α]
20
D = -65.4 (c = 




Compound 135 (453 mg, 1 mmol) was treated with 
method C. The crude product was purified by silica gel 
chromatography (gradient from 2-10% methanol in 
chloroform) to give (after evaporation) 332 mg (yield 95%) 
of compound 136 as a white solid; 
1
H NMR (DMSO-d6) : 7.46 (d, J6-5 = 7.2 Hz, 1H, 
H-6), 7.05 (bs, 2H, NH2), 5.63 (d, J5-6 = 7.2 Hz, 1H, H-5), 3.92 – 3.99 (m, 4H, P-O-
CH2-CH3), 3.87 (dd, Jgem = 12.7 Hz, J1’a-2‘ = 3.2 Hz, 1H, H-1’a), 3.62 – 3.68 (m, 1H, 
H-2’), 3.48 – 3.56 (m, 3H, H-1’b, H-4’), 3.39 (dd, Jgem = 11.7 Hz, J3’a-2‘ = 4.5 Hz, 
1H, H-3’a), 3.34 (dd, Jgem = 11.7 Hz, J3’b-2‘ = 5.3 Hz, 1H, H-3’b), 1.96 (dt, J5’-P = 18.2 
Hz, J5’-4’ = 7.3 Hz, 2H, H-5’), 1.21 (2xt, JCH3-CH2 = 7.1 Hz, 6H, P-O-CH2-CH3); 
13
C 
NMR (DMSO-d6) : 166.19 (C-4), 156.26 (C-2), 147.23 (C-6), 93.00 (C-5), 78.35 
(C-2’), 63.97 (C-4’), 61.21 (C-3’), 61.14 (m, P-O-CH2-CH3), 49.86 (C-1’), 26.50 (d, 
JC-P = 136.4 Hz, C-5’), 16.37 (d, JC-C-O-P = 5.9 Hz, P-O-CH2-CH3); MS-ESI
+
 m/z (%): 
350 (60, M+H
+




: m/z calcd for C13H24O6N3NaP 
(M+Na
+
) 372.1295, found 372.1295; FTIR (KBr, cm
-1
) : 2987, 1647, 1523, 1494, 
1388, 1279, 1227, 1163, 1101, 1049, 1027, 962, 790. [α]
20







hydroxypropan-2-yl)oxy]ethyl}phosphonic acid (137) 
Treatment of compound 136 (175 mg, 0.5 mmol) by 
method D1 followed by method E gave 113 mg (yield 
77%) of compound 137 as a white solid; 
1
H NMR (D2O) : 
7.56 (d, J6-5 = 7.3 Hz, 1H, H-6), 5.99 (d, J5-6 = 7.3 Hz, 1H, 
H-5), 4.05 (dd, Jgem = 13.9 Hz, J1’a-2‘ = 3.5 Hz, 1H, H-1’a), 3.71 (dd, Jgem = 13.9 Hz, 
J1’b-2‘ = 7.9 Hz, 1H, H-1’b), 3.60 – 3.82 (m, 4H, H-2’, H-4’, H-3’a), 3.55 (dd, Jgem = 
12.0 Hz, J3’b-2‘ = 4.8 Hz, 1H, H-3’b), 1.75 – 1.84 (m, 2H, H-5’); 
13
C NMR (D2O) : 
167.13 (C-4), 159.05 (C-2), 148.48 (C-6), 96.04 (C-5), 78.26 (C-2’), 67.31 (d, JC-C-P 
= 1.9 Hz, C-4’), 61.43 (C-3’), 51.14 (C-1’), 30.06 (d, JC-P = 128.2 Hz, C-5’); MS-
ESI
+
 m/z (%): 294 (100, M+H
+




: m/z calcd for 
C9H17O6N3P (M+H
+
) 294.0850, found 294.0852; FTIR (KBr, cm
-1
) : 3390, 3325, 
1652, 1604, 1527, 1495, 1398, 1126, 1108, 1064, 906, 789, 815. [α]
20
D = -22.7 (c = 





4-Methoxy-5-methylpyrimidin-2(1H)-one (632 mg, 4.51 
mmol) and sodium hydride (60% suspension in mineral 
oil) (197 mg, 4.92 mmol) were suspended in dry DMF (50 
mL) and the mixture was heated at 100 °C for 1 h. A solution of compound 134 (1.68 
g, 4.10 mmol) in dry DMF (30 mL) was added dropwise. The reaction mixture was 
heated at 100 °C for 3 h. After cooling down, the mixture was neutralized with 
glacial acetic acid and volatiles were evaporated. The residue was codistilled with 
toluene (3 x 40 mL) and purified by silica gel chromatography (gradient from 0-5% 
methanol in chloroform) to afford (after evaporation) two products as a colorless oil: 
819 mg (yield 53%) of compound 138 and 251 mg (yield 16%) of the corresponding 
O-isomer 139; 
1
H NMR (DMSO-d6) : 7.70 (q, J6-5-CH3 = 1.0 Hz, 1H, H-6), 3.92 – 
3.99 (m, 5H, H-1’a, P-O-CH2-CH3), 3.84 (s, 3H, H-4-O-CH3), 3.56 – 3.69 (m, 3H, 
H-1’b, H-2’, H-4’a), 3.41 – 3.52 (m, 2H, H-3’a, H-4’b), 3.35 – 3.39 (m, 1H, H-3’b), 
1.90 – 1.97 (dm, J5’-P = 18.2 Hz, 2H, H-5’), 1.87 (d, J5-CH3-6 = 1.0 Hz, 3H, H-5-CH3), 
1.20 (t, JCH3-CH2 = 7.1 Hz, 6H, P-O-CH2-CH3); 
13




4), 155.72 (C-2), 147.41 (C-6), 102.10 (C-5), 77.96 (C-2’), 64.03 (C-4’), 61.18 (P-O-
CH2-CH3, C-3’), 54.04 (4-O-CH3), 50.30 (C-1’), 26.45 (d, JC-P = 136.1 Hz, C-5’), 
16.36 (d, JC-C-O-P = 5.6 Hz, P-O-CH2-CH3), 11.58 (5-CH3); MS-ESI
+
 m/z (%): 379 
(25, M+H
+




: m/z calcd for C15H27O7N2NaP 
(M+Na
+
) 401.1448, found 401.1447; FTIR (KBr, cm
-1
) : 2982, 2956, 1669, 1539, 
1379, 1451, 1399, 1385, 1371, 1337, 1245, 1213, 1124, 1098, 1051, 1029, 961, 788. 
[α]
20





H NMR (DMSO-d6) : 8.09 (q, J6-5-CH3 = 0.9 Hz, 1H, H-6), 
4.35 (dd, Jgem = 11.4 Hz, J1’a-2‘ = 4.1 Hz, 1H, H-1’a), 4.23 (dd, 
Jgem = 11.4 Hz, J1’b-2‘ = 5.9 Hz, 1H, H-1’b), 3.94 – 4.01 (m, 4H, 
P-O-CH2-CH3), 3.91 (s, 3H, H-4-O-CH3), 3.75 (m, 2H, H-4’), 
3.65 (m, 1H, H-2’), 3.51 (m, 2H, H-3’), 2.07 (dt, J5’-P = 18.2 Hz, J5’-4’ = 7.1 Hz, 2H, 
H-5’), 2.00 (d, J5-CH3-6 = 0.9 Hz, 3H, H-5-CH3), 1.21 (2xt, JCH3-CH2 = 7.0 Hz, 6H, P-
O-CH2-CH3); 
13
C NMR (DMSO-d6) : 169.16 (C-4), 163.32 (C-2), 157.39 (C-6), 
110.72 (C-5), 78.50 (C-2’), 66.57 (C-1’), 63.70 (C-4’), 61.16 (m, P-O-CH2-CH3), 
60.57 (C-3’), 53.90 (4-O-CH3), 26.58 (d, JC-P = 136.7 Hz, C-5’), 16.39 (d, JC-C-O-P = 
5.6 Hz, P-O-CH2-CH3), 11.63 (5-CH3); MS-ESI
+
 m/z (%): identical to compound 
138; FTIR (KBr, cm
-1
) : 2982, 1608, 1576, 1477, 1425, 1398, 1387, 1296, 1248, 
1236, 1206, 1120, 1099, 1048, 1028, 963, 791. [α]
20






Treatment of compound 138 (189 mg, 0.5 mmol) by 
method D1 followed by method E gave 113 mg (yield 
73%) of compound 140 as a white solid; 
1
H NMR (D2O) : 
7.47 (m, 1H, H-6), 3.98 (m, 1H, H-1’a), 3.72 – 3.85 (m, 4H, H-1’b, H-2’, H-3’a, H-
4’a), 3.70 (m, 1H, H-4’b), 3.56 (m, 1H, H-3’b), 1.89 (bd, JCH3-6 = 1.0 Hz, 3H, H-5-
CH3), 1.81 – 1.90 (m, 2H, H-5’); 
13
C NMR (D2O) : 167.65 (C-4), 153.03 (C-2), 




29.96 (d, JC-P = 128.9 Hz, C-5’), 11.88 (5-CH3); MS-ESI
-





: m/z calcd for C10H16O7N2P (M-H
+
) 307.0701, found 307.0702; FTIR 
(KBr, cm
-1
) : 2931, 1681, 1472, 1434, 1386, 1361, 1254, 1099, 1046, 907. [α]
20
D =  




4-Methoxypyrimidin-2(1H)-one (416 mg, 3.3 mmol) and 
sodium hydride (60% suspension in mineral oil) (150 mg, 
3.6 mmol) were suspended in dry DMF (40 mL) and 
heated at 90 °C for 1 h. A solution of compound 134 (1.23 
g, 3 mmol) in dry DMF (20 mL) was added dropwise. The reaction mixture was 
heated at 100 °C for 3 h. After cooling down the solution was neutralized with 
glacial acetic acid and evaporated. The residue was codistilled with toluene (3 x 30 
mL) and purified by silica gel chromatography (gradient from 0-5% methanol in 
chloroform) to afford (after evaporation) two products as a colorless oils: 415 mg 
(yield 38%) of compound 141 and 238 mg (yield 22%) of the corresponding O-
isomer 142; 
1
H NMR (DMSO-d6) : 7.85 (d, J6-5 = 7.2 Hz, 1H, H-6), 5.96 (d, J5-6 = 
7.2 Hz, 1H, H-5), 4.81 (t, JOH-3’a = JOH-3’b = 5.8 Hz, 1H, 3’-OH), 4.02 (dd, Jgem = 13.2 
Hz, J1’a-2‘ = 3.6 Hz, 1H, H-1’a), 3.90 – 4.00 (m, 4H, P-O-CH2-CH3), 3.81 (s, 3H, O-
CH3), 3.60 – 3.70 (m, 2H, H-1’b, H-4’a), 3.58 (m, 1H, H-2’), 3.42 – 3.51 (m, 2H, H-
3’a, H-4’b), 3.38 (m, 1H, H-3’b), 1.89 – 1.97 (m, 2H, H-5’), 1.20 (2xt, JCH3-CH2 = 7.1 
Hz, 6H, P-O-CH2-CH3); 
13
C NMR (DMSO-d6) : 171.31 (C-4), 155.73 (C-2), 
150.45 (C-6), 93.78 (C-5), 77.84 (C-2’), 64.07 (C-4’), 61.23 (m, P-O-CH2-CH3), 
61.20 (C-3’), 61.18 (m, P-O-CH2-CH3), 53.80 (O-CH3), 50.66 (C-1’), 26.49 (d, JC-P 
= 128.3 Hz, C-5’), 16.39 (2xd, JC-C-O-P = 5.8 Hz, P-O-CH2-CH3); MS-ESI
+
 m/z (%): 
365 (10, M+H
+




: m/z calcd for C14H25O7N2NaP 
(M+Na
+
) 387.1292, found 387.1291; FTIR (KBr, cm
-1
) : 1667, 1608, 1542, 1484, 
1416, 1391, 1239, 1230, 1207, 1113, 1051, 1028, 988, 962, 788. [α]
20
D = -89.2 (c = 










H NMR (DMSO-d6) : 8.27 (d, J6-5 = 5.7 Hz, 1H, H-6), 6.56 
(d, J5-6 = 5.7 Hz, 1H, H-5), 4.78 (t, JOH-3’a = JOH-3’b = 5.7 Hz, 1H, 
3’-OH), 4.38 (dd, Jgem = 11.4 Hz, J1’a-2‘ = 4.1 Hz, 1H, H-1’a), 
4.26 (dd, Jgem = 11.4 Hz, J1’b-2‘ = 5.9 Hz, 1H, H-1’b), 3.93 – 
4.03 (m, 4H, P-O-CH2-CH3), 3.89 (s, 3H, O-CH3), 3.63 – 3.84 (m, 3H, H-2’, H-3’a, 
H-4’a), 3.47 – 3.57 (m, 2H, H-3’b, H-4’b), 2.01 – 2.09 (m, 2H, H-5’), 1.21 (2xt, JCH3-
CH2 = 7.1 Hz, 6H, P-O-CH2-CH3); 
13
C NMR (DMSO-d6) : 171.15 (C-4), 164.77 (C-
2), 159.14 (C-6), 102.02 (C-5), 78.43 (C-2’), 66.73 (C-1’), 63.71 (d, JC-C-P = 1.2 Hz, 
C-4’), 61.20 (d, JC-O-P = 5.7 Hz, P-O-CH2-CH3), 61.15 (d, JC-O-P = 5.7 Hz, P-O-CH2-
CH3), 60.51 (C-3’), 53.85 (O-CH3), 26.60 (d, JC-P = 136.5 Hz, C-5’), 16.40 (2xd, JC-
C-O-P = 5.8 Hz, P-O-CH2-CH3); MS-ESI
+
 m/z (%): identical to compound 16; FTIR 
(KBr, cm
-1
) : 2983, 2930, 1739, 1608, 1574, 1483, 1454, 1421, 1285, 1248, 1239, 
1206, 1120, 1052, 1028, 985, 962, 790. [α]
20
D = -22.7 (c = 0.278 g/100mL, MeOH). 
 
(S)-{2-[(1-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-3-
hydroxypropan-2-yl)oxy]ethyl}phosphonic acid (143) 
Treatment of compound 141 (182 mg, 0.5 mmol) by 
method D1 followed by method E gave 110 mg (yield 
75%) of compound 143 as a white solid; 
1
H NMR (D2O) : 
7.64 (d, J6-5 = 7.9 Hz, 1H, H-6), 5.84 (d, J5-6 = 7.9 Hz, 1H, 
H-5), 4.05 (bdd, Jgem = 13.1 Hz, J1’a-2‘ = 2.4 Hz, 1H, H-1’a), 3.65 – 3.86 (m, 5H, H-
1’b, H-2’, H-3’a, H-4’), 3.58 (m, 1H, H-3’b), 1.81 – 1.90 (m, 2H, H-5’); 
13
C NMR 
(D2O) : 167.49 (C-4), 153.01 (C-2), 148.69 (C-6), 101.87 (C-5), 78.23 (C-2’), 67.06 
(d, JC-C-P = 1.8 Hz, C-4’), 61.21 (C-3’), 49.80 (C-1’), 30.09 (d, JC-P = 128.3 Hz, C-5’); 
MS-ESI
-
 m/z (%): 293 (100, M-H
+




: m/z calcd for 
C9H14O7N2P (M-H
+
) 293.0544, found 293.0548; FTIR (KBr, cm
-1
) : 1684, 1465, 
1394, 1357, 1255, 1099, 1046, 902, 810, 765. [α]
20










2,6-Diamino-4-hydroxypyrimidine (858 mg, 6.8 
mmol) and caesium carbonate (1.34 g, 4.1 mmol) 
were suspended in dry DMF (40 mL), the 
suspension was heated at 100 °C until the components were dissolved. A solution of 
compound 134 (1.35 g, 3.4 mmol) in dry DMF (20 mL) was added dropwise. The 
reaction mixture was heated at 100 °C for 10 h. Solvent was evaporated and the 
residue was codistilled with toluene (3 x 30 mL) and purified by silica gel 
chromatography (gradient from 2-10% methanol in chloroform) to afford (after 
evaporation) 434 mg (yield 35%) of compound 144 as a yellowish oil which 
solidified. The corresponding N-isomer was not isolated; 
1
H NMR (DMSO-d6) : 
6.00 (bs, 2H, 4-NH2), 5.85 (bs, 2H, 2-NH2), 5.03 (s, 1H, H-5), 4.71 (bs, 1H, 3’-OH), 
4.16 (dd, Jgem = 11.3 Hz, J1’a-2‘ = 4.2 Hz, 1H, H-1’a), 4.08 (dd, Jgem = 11.3 Hz, J1’b-2‘ 
= 6.0 Hz, 1H, H-1’b), 3.94 – 4.02 (m, 4H, P-O-CH2-CH3), 3.68 – 3.78 (m, 2H, H-4’), 
3.56 (m, 1H, H-2’), 3.47 (dd, Jgem = 11.4 Hz, J3’a-2‘ = 4.9 Hz, 1H, H-3’a), 3.43 (dd, 
Jgem = 11.4 Hz, J3’b-2‘ = 5.8 Hz, 1H, H-3’b), 2.05 (dt, J5’-P = 18.1 Hz, J5’-4’ = 7.3 Hz, 
2H, H-5’), 1.22 (2xt, JCH3-CH2 = 7.1 Hz, 6H, P-O-CH2-CH3); 
13
C NMR (DMSO-d6) : 
170.08 (C-6), 166.19 (C-4), 163.07 (C-2), 78.81 (C-2’), 76.30 (C-5), 64.68 (C-1’), 
63.71 (C-4’), 61.19 (m, P-O-CH2-CH3), 60.78 (C-3’), 26.59 (d, JC-P = 136.7 Hz, C-
5’), 16.42 (d, JC-C-O-P = 5.8 Hz, P-O-CH2-CH3); MS-ESI
+







: m/z calcd for C13H26O6N4P (M+H
+
) 365.1585, found 
365.1585; FTIR (KBr, cm
-1
) : 3464, 3337, 3212, 2982, 2958, 2908, 2876, 1625, 
1591, 1546, 1521, 1480, 1425, 1311, 1216, 1163, 1117, 1098, 1049, 1029, 964. 
[α]
20





Treatment of compound 144 (182 mg, 0.5 mmol) by 
method D1 followed by method E gave 117 mg 
(yield 76%) of compound 145 as a yellowish solid; 
1




5), 4.09 (dd, Jgem = 11.1 Hz, J1’a-2‘ = 4.9 Hz, 1H, H-1’a), 4.06 (dd, Jgem = 11.1 Hz, 
J1’b-2‘ = 5.4 Hz, 1H, H-1’b), 3.63 – 3.75 (m, 2H, H-4’), 3.50 (m, 1H, H-2’), 3.45 (dd, 
Jgem = 11.4 Hz, J3’a-2‘ = 4.8 Hz, 1H, H-3’a), 3.39 (dd, Jgem = 11.4 Hz, J3’b-2‘ = 5.5 Hz, 
1H, H-3’b), 1.62 – 1.69 (m, 2H, H-5’); 
13
C NMR (DMSO-d6) : 170.19 (C-6), 
166.17 (C-4), 163.04 (C-2), 78.26 (C-2’), 76.28 (C-5), 66.21 (C-4’), 64.65 (C-1’), 
60.78 (C-3’), 31.03 (d, JC-P = 130.9 Hz, C-5’); MS-ESI
+







: m/z calcd for C9H18O6N4P (M+H
+
) 309.0959, found 
309.0959; FTIR (KBr, cm
-1
) : 3400, 3324, 3192, 1680, 1657, 1615, 1561, 1520, 
1468, 1446, 1399, 1313, 1238, 1114, 1049, 1029, 921. [α]
20
D = -2.1 (c = 0.322 
g/100mL, H2O). 
 




Compound 104 (17 g, 40 mmol) was treated analogously to 
compound 116 to give 13 g (yield 55%) of compound 146 as a yellowish oil (in the 




Compound 146 (13 g of the crude product) was treated 
analogously compound 117 to give 5.1 g (yield 37%) of 




C NMR and MS spectra are identical to 
compound 117. [α]
20
D = +8.3 (c = 0.289 g/100mL, CHCl3). 
 
(S)-3-(Benzyloxy)-2-[2-(diethoxyphosphoryl)ethoxy] 
propanoic acid (148) 
Compound 147 (4.2 g, 12 mmol) was treated analogously to 
compound 106 (chromatography: gradient from 0-3% 
methanol in chloroform) to give 3.6 g (yield 83%) of 
compound 148 as a colorless oil; 
1
H NMR (CDCl3) : 7.27 – 




CH3), 3.99 (m, 1H, H-4a), 3.91 (dd, Jgem = 10.5 Hz, J1a-2 = 2.7 Hz, 1H, H-1a), 3.85 
(m, 1H, H-4b), 3.78 (dd, Jgem = 10.5 Hz, J1b-2 = 6.6 Hz, 1H, H-1b), 2.25 (m, 2H, H-
5a), 2.10 (m, 2H, H-5b), 1.33 (t, JCH3-CH2 = 7.0 Hz, 3H, P-O-CH2-CH3), 1.29 (t, JCH3-
CH2 = 7.0 Hz, 3H, P-O-CH2-CH3); 
13
C NMR (CDCl3) : 171.39 (C-3), 137.64 (C-1‘), 
128.30 (C-3‘), 127.65 (C-4‘), 127.55 (C-2‘), 79.29 (C-2), 73.45 (C-6), 70.90 (C-1), 
65.42 (d, JC-C-P = 6.4 Hz, C-4), 62.50 (d, JC-O-P = 6.3 Hz, P-O-CH2-CH3), 62.00 (d, JC-
O-P = 6.7 Hz, P-O-CH2-CH3), 26.51 (d, JC-P = 141.7 Hz, C-5), 16.23 (d, JC-C-O-P = 5.9 
Hz, P-O-CH2-CH3); MS-ESI
+
 m/z (%): 361 (45, M+H
+





: m/z calcd for C16H26O7P (M+H
+
) 361.1411, found 361.1409. Anal. Calcd. for 
C16H26O7P 0.3H2O: C, 52.54; H, 7.06; P, 8.01. Found: C, 52.68; H, 7.08; P, 7.83. 
[α]
20




Compound 148 (3.6 g, 10 mmol) was treated analogously to 
compound 107 to give 3.7 g (yield 99%) of compound 149 as 
a colorless oil; MS-ESI
+
 m/z (%): 375 (15, M+H
+





: m/z calcd for C17H27O7NaP (M+Na
+
) 




Compound 149 (3.56 g, 9.5 mmol) was dissolved in the 
mixture of methanol and acetic acid (3:1, 120 mL) and 
treated analogously to compound 108 (chromatography: gradient from 0-5% 
methanol in chloroform) to give 2.5 g (yield 93%) of compound 150 as a colorless 
oil; 
1
H NMR (CDCl3) : 4.04 – 4.19 (m, 6H, H-2, H-4a, P-O-CH2-CH3), 3.90 (dd, 
Jgem = 12.0 Hz, J1a-2 = 3.2 Hz, 1H, H-1a), 3.69 – 3.80 (m, 5H, H-1b, H-4b, O-CH3), 
2.05 – 2.24 (m, 2H, H-5), 1.34 (t, JCH3-CH2 = 7.1 Hz, 3H, P-O-CH2-CH3), 1.33 (t, 
JCH3-CH2 = 7.1 Hz, 3H, P-O-CH2-CH3); 
13
C NMR (CDCl3) : 170.63 (C-3), 80.49 (C-
2), 64.79 (d, JC-C-P = 5.9 Hz, C-4), 62.76 (C-1), 62.09 (d, JC-O-P = 6.5 Hz, P-O-CH2-
CH3), 61.73 (d, JC-O-P = 6.5 Hz, P-O-CH2-CH3), 52.08 (O-CH3), 26.73 (d, JC-P = 
142.1 Hz, C-5), 16.35 (d, JC-C-O-P = 6.2 Hz, P-O-CH2-CH3); MS-ESI
+
 m/z (%): 285 
(5, M+H
+










307.0917, found 307.0916. Anal. Calcd. for: C10H21O7P H2O: C, 39.74; H, 7.67; P, 
10.25. Found: C, 39.91; H, 7.69; P, 9.98. [α]
20




From alcohol 150 (1.71 g, 6 mmol) and 6-chloropurine 
(1.21 g, 7.8 mmol), applied method G, obtained 1.1 g 
(yield 44%) of compound 151 as a yellow oil;  
1
H 
NMR (DMSO-d6) : 8.75 (s, 1H, H-2), 8.32 (s, 1H, H-
8), 4.72 (dd, Jgem = 14.5 Hz, J1’a-2‘ = 3.9 Hz, 1H, H-1‘a), 4.58 (dd, Jgem = 14.6 Hz, 
J1’b-2‘ = 6.7 Hz, 1H, H-1’b), 4.31 (dd, J2‘-1’a = 3.8 Hz, J2‘-1’b = 6.8 Hz, 1H, H-2‘), 4.03 
– 4.14 (m, 4H, P-O-CH2-CH3), 3.96 (m, 1H, H-4‘a), 3.75 (s, 3H, O-CH3), 3.62 (m, 
1H, H-4‘b), 2.00 – 2.14 (m, 2H, H-5‘), 1.31 (t, JCH3-CH2 = 7.1 Hz, 6H, P-O-CH2-
CH3); 
13
C NMR (DMSO-d6) : 169.32 (C-3‘), 151.98 (C-2), 151.71 (C-4), 151.02 
(C-6), 146.53 (C-8), 131.13 (C-5), 76.55 (C-2‘), 65.43 (C-4‘), 61.87 (m, P-O-CH2-
CH3), 52.67 (O-CH3), 45.43 (C-1‘), 26.87 (d, JC-P = 140.8 Hz, C-5‘), 16.37 (d, JC-C-O-
P = 6.0 Hz, P-O-CH2-CH3); MS-ESI
+
 m/z (%): 421 (35, M+H
+





: m/z calcd for C15H23O6N4ClP (M+H
+
) 421.1038, found 421.1037. 
Anal. Calcd. for: C15H22ClN4O6P: C, 42.82; H, 5.27; Cl, 8.43; N, 13.31; P, 7.36. 
Found: C, 42.65; H, 5.37; Cl, 8.25; N, 13.03; P, 7.15. [α]
20






Compound 150 (1.99 g, 7 mmol) and 2-amino-6-
chloropurine (1.54 g, 9.1 mmol), applied method 
H to give 1.16 g (yield 38%) of compound 152 as a 
yellowish oil; 
1
H NMR (DMSO-d6) : 8.05 (s, 1H, H-8), 6.93 (s, 2H, NH2), 4.46 (dd, 
J2‘-1’a = 4.1 Hz, J2‘-1’b = 7.1 Hz, 1H, H-2‘), 4.41 (dd, Jgem = 14.5 Hz, J1’a-2‘ = 4.0 Hz, 
1H, H-1‘a), 4.31 (dd, Jgem = 14.5 Hz, J1’b-2‘ = 7.1 Hz, 1H, H-1‘b), 3.90 – 3.99 (m, 4H, 
P-O-CH2-CH3), 3.72 (m, 1H, H-4‘a), 3.66 (s, 3H, O-CH3), 3.54 (m, 1H, H-4‘b), 1.91 
– 2.05 (m, 2H, H-5‘), 1.19 (t, JCH3-CH2 = 7.1 Hz, 6H, P-O-CH2-CH3); 
13
C NMR 




8), 123.08 (C-5), 76.03 (C-2‘), 64.50 (C-4‘), 61.29 (d, JC-O-P = 6.1 Hz, P-O-CH2-
CH3), 52.40 (O-CH3), 44.46 (C-1‘), 26.11 (d, JC-P = 137.3 Hz, C-5‘), 16.41 (d, JC-C-O-
P = 5.7 Hz, P-O-CH2-CH3); MS-ESI
+
 m/z (%): 436 (40, M+H
+





: m/z calcd for C15H24O6N5ClP (M+H
+
) 436.1147, found 436.1146. 
[α]
20
D = -7.4 (c = 0.398 g/100mL, DMSO). 
 
(S)-2-[2-(Diethoxyphosphoryl)ethoxy]-3-(6-oxo-1,6-
dihydro-9H-purin-9-yl)propanoic acid (153) 
Treatment of compound 151 (421 mg, 1 mmol) by 
method I (chromatography: linear gradient of H1 in 
ethyl acetate) gave 221 mg (yield 57%) of compound 
153 as a yellowish solid; 
1
H NMR (DMSO-d6) : 
12.48 (bs, 1H, NH), 8.022 (s, 1H, H-2), 8.017 (s, 1H, H-8), 4.47 (dd, Jgem = 14.2 Hz, 
J1’a-2‘ = 3.5 Hz, 1H, H-1’a), 4.21 (dd, Jgem = 14.2 Hz, J1’b-2‘ = 8.5 Hz, 1H, H-1‘b), 3.88 
– 3.97 (m, 4H, P-O-CH2-CH3), 3.86 (dd, J2‘-1‘a = 3.5 Hz, J2‘-1‘b = 8.4 Hz, 1H, H-2‘), 
3.80 (m, 1H, H-4’a), 3.39 (m, 1H, H-4’a), 1.86 – 1.97 (m, 2H, H-5‘), 1,17 (t, JCH3CH2 
= 7.1 Hz, 6H, P-O-CH2-CH3); 
13
C NMR (DMSO-d6) : 172.00 (C-3‘), 157.01 (C-6), 
148.73 (C-4), 145.53 (C-2), 141.06 (C-8), 123.70 (C-5), 79.92 (C-2‘), 63.17 (C-4‘), 
61.23 (d, JC-O-P = 6.2 Hz, P-O-CH2-CH3), 61.22 (d, JC-O-P = 6.2 Hz, P-O-CH2-CH3), 
46.07 (C-1‘), 26.19 (d, JC-P  = 136.8 Hz, C-5‘), 16.39 (d, JC-C-O-P = 5.8 Hz, P-O-CH2-
CH3);  MS-ESI
-




: m/z calcd for  C14H20O7N4P 
(M-H
+
) 387.1075, found 387.1074; FTIR (KBr, cm
-1
) : 2982, 1698, 1608, 1549, 
1522, 1390, 1350, 1229, 1124, 1052, 1028, 963. [α]
20






Treatment of compound 152 (436 mg, 1 mmol) by 
method I (chromatography: linear gradient of H1 
in ethyl acetate) gave 222 mg (yield 55%) of 
compound 152 as a yellowish solid. OR: Compound 152 (436 mg, 1 mmol) was 
dissolved in 15 ml of 75% CF3COOH and the solution was heated at 50 °C 




chromatography (gradient from 10-50% methanol in chloroform) to afford (after 
evaporation) 314 mg (yield 78%) of compound 154 as a yellowish solid; 
1
H NMR 
(DMSO-d6) : 11.49 (bs, 1H, NH), 7.60 (s, 1H, H-8), 6.98 (bs, 2H, NH2), 4.32 (dd, 
Jgem = 14.1 Hz, J1‘a-2‘ = 3.2 Hz, 1H, H-1‘a), 3.87 – 3.99 (m, 5H, H-1’b, P-O-CH2-
CH3), 3.75 – 3.84 (m, 2H, H-2‘, H-4’a), 3.29 – 3.42 (m, 1H, H-4’b), 1.88 – 1.96 (m, 
2H, H-5‘), 1.18 (t, JCH3-CH2 = 7.1 Hz, 6H, P-O-CH2-CH3); 
13
C NMR (DMSO-d6) : 
172.66 (C-3‘), 157.46 (C-6), 154.18 (C-2), 151.50 (C-4), 138.21 (C-8), 116.26 (C-5), 
80.02 (C-2‘), 63.26 (C-4‘), 61.24 (d, JC-O-P = 6.2 Hz, P-O-CH2-CH3), 45.57 (C-1‘), 
26.74 (d, JC-P = 136.5 Hz, C-5‘), 16.41 (d, JC-C-O-P = 5.8 Hz, P-O-CH2-CH3); MS-
ESI
+
 m/z (%): 404 (25, M+H
+
), 426 (100, M+Na
+





m/z calcd for C14H23O7N5P (M+H
+
) 404.1330, found 404.1329; FTIR (KBr, cm
-1
) : 
3413, 3319, 3128, 2983, 2930, 2775, 1740, 1693, 1621, 1538, 1481, 1369, 1101. 
[α]
20
D = -49.8 (c = 0.283 g/100mL, DMSO). 
 
(S)-3-(6-Oxo-1,6-dihydro-9H-purin-9-yl)-2-(2-phos- 
phonoethoxy)propanoic acid (155) 
Treatment of compound 153 (194 mg, 0.5 mmol) by 
method D1 followed by method E gave 125 mg (yield 
75%) of compound 155 as a yellowish solid; 
1
H NMR 
(D2O) : 8.02 (s, 1H, H-2), 8.01 (s, 1H, H-8), 4.40 (dd, 
Jgem = 14.4 Hz, J1’a-2‘ = 3.2 Hz, 1H, H-1’a), 4.19 (dd, Jgem = 14.4 Hz, J1’b-2‘ = 8.4 Hz, 
1H, H-1‘b), 3.83 (dd, J2‘-1‘a = 3.2 Hz, J2‘-1‘b = 8.4 Hz, 1H, H-2‘), 3.56 (m, 1H, H-4‘a), 
3.31 (m, 1H, H-4‘b), 1.45 – 1.58 (m, 2H, H-5‘); 
13
C NMR (D2O) : 175.67 (C-3‘), 
158.67 (C-6), 150.00 (C-4), 146.78 (C-2), 143.17 (C-8), 124.16 (C-5), 80.58 (C-2‘), 
67.39 (C-4‘), 47.30 (C-1‘), 31.2 (C-5‘), 30.2 (C-5‘); MS-ESI
-
 m/z (%): 331 (100, M-
H
+




: m/z calcd for  C10H12O7N4P (M-H
+
) 331.0449, 
found 331.0450; FTIR (KBr, cm
-1
) : 3058, 1692, 1614, 1590, 1551, 1520, 1415, 
1349, 1291, 1112, 1063, 900. [α]
20










yl)-2-(2-phosphonoethoxy)propanoic acid (156) 
Treatment of compound 154 (202 mg, 0.5 mmol) by 
method D1 followed by method E gave 127 mg 
(yield 73%) of compound 156 as a sallow solid; 
1
H 
NMR (D2O) : 7.69 (s, 1H, H-8), 4.32 (dd, Jgem = 
14.7 Hz, J1‘a-2‘ = 3.9 Hz, 1H, H-1’a), 4.16 (dd, Jgem = 14.7 Hz, J1‘b-2‘ = 7.1 Hz, 1H, H-
1‘b), 4.03 (dd, J2‘-1‘a = 3.9 Hz, J2‘-1‘b = 7.0 Hz, 1H, H-2’), 3.65 (m, 1H, H-4‘a), 3.50 
(m, 1H, H-4‘b), 1.68 – 1.81 (m, 2H, H-5‘); 
13
C NMR (D2O) : 176.79 (C-3‘), 158.87 
(C-6), 153.54 (C-2), 151.72 (C-4), 140.44 (C-8), 115.47 (C-5), 78.98 (C-2‘), 65.86 
(C-4‘), 43.25 (C-1‘), 28.54 (d, JC-P = 129.5 Hz, C-5‘); MS-ESI
-
 m/z (%): 346 (100, 
M-H
+




: m/z calcd for  C10H13O7N5P (M-H
+
) 
346.0558, found 346.0556; FTIR (KBr, cm
-1
) : 3388, 3142, 1696, 1601, 1540, 1478, 
1410, 1299, 1107, 1063, 906, 781. [α]
20




Treatment of compound 151 (421 mg, 1 mmol) by 
method J gave 338 mg (yield 84%) of compound 157 
as a colorless oil which solidified; 
1
H NMR (DMSO-
d6) : 8.04 (s, 1H, H-2), 8.01 (s, 1H, H-8), 4.38 – 4.52 
(m, 3H, H-1’, H-2‘), 3.90 – 3.98 (m, 4H, P-O-CH2-CH3), 3.72 (m, 1H, H-4‘a), 3.64 
(s, 3H, O-CH3), 3.53 (m, 1H, H-4‘b), 1.91 – 2.05 (m, 2H, H-5‘), 1.19 (t, JCH3-CH2 = 
7.1 Hz, 6H, P-O-CH2-CH3); 
13
C NMR (DMSO-d6) : 169.95 (C-3‘), 156.83 (C-6), 
148.64 (C-4), 145.81 (C-2), 141.16 (C-8), 123.72 (C-5), 76.38 (C-2‘), 64.52 (C-4‘), 
61.29 (d, JC-O-P = 6.2 Hz, P-O-CH2-CH3), 52.35 (O-CH3), 44.78 (C-1‘), 26.08 (d, JC-P 
= 139.8 Hz, C-5‘), 16.41 (d, JC-C-O-P = 5.8 Hz, P-O-CH2-CH3); MS-ESI
+
 m/z (%): 403 
(30, M+H
+




: m/z calcd for C15H24O7N4P (M+H
+
) 
403.1377, found 403.1376; FTIR (KBr, cm
-1
) : 3056, 2980, 2955, 1752, 1695, 1587, 
1550, 1441, 1415, 1391, 1220, 1121, 1090, 1045, 1029, 964. [α]
20









Treatment of compound 152 (436 mg, 1 mmol) by 
method J gave 338 mg (yield 81%) of compound 
158 as a white solid; 
1
H NMR (DMSO-d6) : 10.69 
(bs, 1H, NH), 7.60 (s, 1H, H-8), 6.57 (bs, 2H, NH2), 4.40 (dd, J2‘-1‘a = 4.1 Hz, J2‘-1‘b = 
7.3 Hz, 1H, H-2‘), 4.28 (dd, Jgem = 14.4 Hz, J1‘a-2‘ = 4.1 Hz, 1H, H-1’a), 4.18 (dd, 
Jgem = 14.4 Hz, J1‘b-2‘ = 7.3 Hz, 1H, H-1‘b), 3.89 – 4.00 (m, 4H, P-O-CH2-CH3), 3.71 
(m, 1H, H-4’a), 3.66 (s, 3H, O-CH3), 3.51 (m, 1H, H-4’b), 1.92 – 2.02 (m, 2H, H-
5‘), 1.19 (t, JCH3-CH2 = 7.1 Hz, 6H, P-O-CH2-CH3); 
13
C NMR (DMSO-d6) : 170.09 
(C-3‘), 156.99 (C-6), 153.90 (C-2), 151.46 (C-4), 138.26 (C-8), 116.28 (C-5), 76.43 
(C-2‘), 64.50 (C-4‘), 61.32 (d, JC-O-P = 6.2 Hz, P-O-CH2-CH3), 52.31 (O-CH3), 44.18 
(C-1‘), 26.13 (d, JC-P  = 136.5 Hz, C-5‘), 16.40 (d, JC-C-O-P = 5.8 Hz, P-O-CH2-CH3), 
16.39 (d, JC-C-O-P = 5.8 Hz, P-O-CH2-CH3); MS-ESI
+









: m/z calcd for C15H25O7N5P (M+H
+
) 
418.1486, found 418.1485; FTIR (KBr, cm
-1
) : 3434, 3140, 2756, 1681, 1605, 1539, 
1470, 1459, 1414, 1358, 1301, 1212, 1143, 1026, 971, 801. [α]
20






Treatment of compound 157 (201 mg, 0.5 mmol) by 
method D1 followed by method E gave 123 mg (yield 
71%) of compound 159 as a yellowish solid; 
1
H NMR 
(D2O) : 8.12 (s, 1H, H-2), 8.06 (s, 1H, H-8), 4.56 – 4.66 (m, 2H, H-1’), 4.50 (m, 
1H, H-2‘), 3.45 – 3.81 (m, 5H, H-4‘, O-CH3), 1.72 – 1.99 (m, 2H, H-5‘); 
13
C NMR 
(D2O) : 172.23 (C-3‘), 158.54 (C-6), 148.89 (C-4), 145.83 (C-2), 142.87 (C-8), 
123.03 (C-5), 76.35 (C-2‘), 66.95 (C-4‘), 53.01 (O-CH3), 45.27 (C-1‘), 28.80 (d, JC-P 
= 129.4 Hz, C-5‘); MS-ESI
+
 m/z (%): 347 (100, M+H
+
), 369 (95, M+Na
+





: m/z calcd for C11H16O7N4P (M+H
+
) 347.0751, found 
347.0751; FTIR (KBr, cm
-1
) : 1742, 1677, 1587, 1551, 1434, 1402, 1348, 1123, 
1045, 900. [α]
20







yl)oxy]ethyl}phosphonic acid (160) 
Treatment of compound 158 (209 mg, 0.5 mmol) by 
method D1 followed by method E gave 125 mg 
(yield 69%) of compound 160 as a white solid; 
1
H 
NMR (D2O) : 7.77 (s, 1H, H-8), 4.48 – 4.53 (m, 2H, H-1’a), 4.48 – 4.53 (m, 2H, H-
2‘), 4.42 (dd, Jgem = 15.6 Hz, J1‘b-2‘ = 6.0 Hz, 1H, H-1’b), 3.83 (m, 1H, H-4’a), 3.74 
(s, 3H, O-CH3), 3.73 (m, 1H, H-4’b), 1.85 – 1.95 (m, 2H, H-5‘); 
13
C NMR (D2O) : 
173.03 (C-3‘), 159.49 (C-6), 154.31 (C-2), 152.26 (C-4), 141.18 (C-8), 116.14 (C-5), 
76.98 (C-2‘), 67.44 (C-4‘), 53.62 (O-CH3), 45.20 (C-1‘), 29.41 (d, JC-P  = 129.9 Hz, 
C-5‘); MS-ESI
-
 m/z (%): 360 (100, M-H
+




: m/z calcd 
for  C11H15O7N5P (M-H
+
) 360.0715, found 360.0714; FTIR (KBr, cm
-1
) : 3344, 
3158, 2954, 1630, 1598, 1482, 1438, 1412, 1362, 1108, 1074, 900, 783. [α]
20
D = -3.1 
(c = 0.285 g/100mL, H2O). 
 





Compound 123 (779 mg, 2 mmol) was dissolved in 
DMF (10 mL) and a solution of bromine (0.15 mL, 
3 mmol) in carbon tetrachloride (10 mL) was 
added. The reaction mixture was stirred at r.t. for 3 h. Volatiles were evaporated and 
the residue was codistilled with toluene (3 x 20 mL). The residue was subjected to 
silica gel chromatography (gradient from 5-12% methanol in chloroform) to afford 
(after evaporation) the crude product. Crystallization from ethyl acetate gave 800 mg 
(yield 85%) of compound 161 as a yellowish solid; 
1
H NMR (DMSO-d6) : 10.71 (s, 
1H, NH), 6.63 (bs, 2H, NH2), 3.84 - 4.05 (m, 6H, H-1’, P-O-CH2-CH3), 3.71 (m, 1H, 
H-2‘), 3.57 (m, 1H, H-4’a), 3.47 (dd, Jgem = 11.8 Hz, J3’a-2‘ = 4.5 Hz, 1H, H-3’a), 3.40 




2H, H-5‘), 1.18 (t, JCH3-CH2 = 7.0 Hz, 6H, P-O-CH2-CH3); 
13
C NMR (DMSO-d6) : 
155.72 (C-6), 154.02 (C-2), 152.81 (C-4), 121.74 (C-8), 116.88 (C-5), 78.26 (C-2‘), 
64.18 (C-4‘), 61.45 (C-3‘), 61.30 (d, JC-O-P = 6.2 Hz, P-O-CH2-CH3), 61.22 (d, JC-O-P 
= 6.2 Hz, P-O-CH2-CH3), 45.20 (C-1‘), 26.38 (d, JC-P  = 135.9 Hz, C-5‘), 16.39 (d, 
JC-C-O-P = 5.8 Hz, P-O-CH2-CH3), 16.38 (d, JC-C-O-P = 5.8 Hz, P-O-CH2-CH3); MS-
ESI
+
 m/z (%): 468 (10, M+H
+
), 470 (9, M+H
+
), 490 (100, M+Na
+





: m/z calcd for C14H23O6N5BrNaP (M+Na
+
) 490.0462, found 
490.0461; FTIR (KBr, cm
-1
) : 3417, 3311, 3215, 3149, 2983, 2933, 1690, 1633, 
1599, 1523, 1465, 1365, 1221, 1117, 1029, 964. [α]
20





phosphonic acid (162) 
Treatment of compound 161 (234 mg, 0.5 mmol) by 
method D1 followed by method E gave 159 mg 
(yield 77%) of compound 162 as a yellowish solid; 
1
H NMR (D2O) : 4.13 – 4.20 (m, 2H, H-1‘), 3.88 (m, 1H, H-2‘), 3.72 – 3.80 (m, 2H, 
H-3’a), 3.72 – 3.80 (m, 2H, H-4’a), 3.60 (dd, Jgem = 12.4 Hz, J3‘b-2‘ = 5.3 Hz, 1H, H-
3’b), 3.57 (m, 1H, H-4’b), 1.79 – 1.96 (m, 2H, H-5‘); 
13
C NMR (D2O) : 158.07 (C-
6), 154.30 (C-2), 153.14 (C-4), 125.48 (C-8), 116.67 (C-5), 78.52 (C-2‘), 65.90 (C-
4‘), 61.38 (C-3‘), 45.37 (C-1‘), 28.61 (d, JC-P = 132.6 Hz, C-5‘); MS-ESI
-
 m/z (%): 
410 (100, M-H
+




: m/z calcd for  C10H14O6N5BrP (M-
H
+
) 409.9871, found 409.9871; FTIR (KBr, cm
-1
) : 3561, 3463, 3328, 3162, 2311, 
1689, 1636, 1599, 1410, 1236, 1117, 1043, 931, 776. [α]
20






Compound 121 (1.92 g, 4 mmol) was dissolved 
in ethyl acetate (20 mL) and aqueous solution 
(15 mL) of sodium bromate (1.81 g, 12 mmol) 




added dropwise to the vigorously stirred two-phase system. The mixture was 
vigorously stirred at r.t. for 2 h. The reaction was diluted with water and extracted 
with ethyl acetate (3 x 150 mL). The combined organic layers were washed with 
brine (2 x 100 mL), dried over MgSO4 and concentrated in vacuo. The residue was 
purified by silica gel chromatography (gradient from 1-8% methanol in chloroform) 
to give (after evaporation) 1.50 g (yield 67%) of compound 163 as a yellow foam; 
1
H 
NMR (DMSO-d6) : 10.71 (s, 1H, NH-1), 7.27 – 7.37 (m, 5H, H-2‘‘, H-3‘‘, H-4‘‘), 
6.59 (bs, 2H, NH2), 4.51 (s, 2H, H-4‘), 3.99 – 4.07 (m, 2H, H-1‘), 3.83 – 3.95 (m, 
5H, H-2‘), 3.83 – 3.95 (m, 5H, P-O-CH2-CH3), 3.61 (m, 1H, H-5’a), 3.55 (dd, Jgem = 
10.5 Hz, J3‘a-2‘ = 4.2 Hz, 1H, H-3’a), 3.49 (dd, Jgem = 10.5 Hz, J3‘b-2‘ = 5.4 Hz, 1H, H-
3‘b), 3.38 (m, 1H, H-5’b), 1.72 – 1.88 (m, 2H, H-6‘), 1.16 (t, JCH3-CH2 = 7.1 Hz, 6H, 
P-O-CH2-CH3); 
13
C NMR (DMSO-d6) : 155.75 (C-6), 154.02 (C-2), 152.84 (C-4), 
138.27 (C-1‘‘), 128.46 (C-3‘‘), 127.75 (C-2‘‘), 127.71 (C-4‘‘), 121.61 (C-8), 116.94 
(C-5), 76.19 (C-2‘), 72.67 (C-4‘), 70.22 (C-3‘), 64.35 (C-5‘), 61.23 (d, JC-O-P = 6.1 
Hz, P-O-CH2-CH3), 61.18 (d, JC-O-P = 6.1 Hz, P-O-CH2-CH3), 45.41 (C-1‘), 26.42 
(d, JC-P  = 135.8 Hz, C-6‘), 16.36 (d, JC-C-O-P = 5.8 Hz, P-O-CH2-CH3), 16.35 (d, JC-C-
O-P = 5.8 Hz, P-O-CH2-CH3); MS-ESI
+
 m/z (%): 558 (100, M+H
+









: m/z calcd for C21H30O6N5BrP 
(M+H
+
) 558.1112, found 558.1114. [α]
20





Compound 163 (860 mg, 1.54 mmol) was 
dissolved in a solution of sodium acetate (1.26 g, 
15.4 mmol) in glacial acetic acid (100 mL). The 
reaction mixture was heated at 130 °C for 4 h. Acetic acid was evaporated and the 
residue was codistilled with water (1 x 20 mL), toluene (3 x 20 mL) and purified by 
silica gel chromatography (gradient from 2-8% methanol in chloroform) to afford 
(after evaporation) 608 mg (yield 80%) of compound 164 as a white foam; 
1
H NMR 
(DMSO-d6) : 10.72 (bs, 1H, NH-1), 10.56 (s, 1H, NH-7), 7.25 – 7.36 (m, 5H, H-2‘‘, 
H-3‘‘, H-4‘‘), 6.48 (bs, 2H, NH2), 4.47 (bs, 2H, H-4‘), 3.86 – 3.98 (m, 5H, P-O-CH2-
CH3), 3.74 (dd, Jgem = 14.0 Hz, J1‘a-2‘ = 7.2 Hz, 1H, H-1’a), 3.67 (m, 1H, H-5’a), 3.63 




10.6 Hz, J3‘a-2‘ = 3.8 Hz, 1H, H-3’a), 3.44 (dd, Jgem = 10.6 Hz, J3‘b-2‘ = 5.9 Hz, 1H, H-
3‘b), 1.81 – 1.96 (m, 2H, H-6‘), 1.18 (t, JCH3-CH2 = 7.1 Hz, 3H, P-O-CH2-CH3), 1.17 
(t, JCH3-CH2 = 7.1 Hz, 3H, P-O-CH2-CH3); 
13
C NMR (DMSO-d6) : 153.71 (C-6), 
152.57 (C-8), 151.36 (C-2), 148.35 (C-4), 138.44 (C-1‘‘), 128.42 (C-3‘‘), 127.71 (C-
2‘‘), 127.64 (C-4‘‘), 98.45 (C-5), 75.67 (C-2‘), 72.58 (C-4‘), 70.81 (C-3‘), 63.90 (C-
5‘), 61.22 (d, JC-O-P = 6.2 Hz, P-O-CH2-CH3), 61.19 (d, JC-O-P = 6.2 Hz, P-O-CH2-
CH3), 40.64 (C-1‘), 26.52 (d, JC-P  = 135.6 Hz, C-6‘), 16.41 (d, JC-C-O-P = 5.8 Hz, P-O-
CH2-CH3); MS-ESI
+
 m/z (%): 496 (15, M+H
+
), 518 (100, M+Na
+





: m/z calcd for C21H30O7N5NaP (M+Na
+
) 518.1775, found 
518.1775; FTIR (KBr, cm
-1
) : 3423, 3318, 3025, 1716, 1682, 1596, 1455, 1387, 
1365, 1219, 1099, 1027, 962, 736. [α]
20





Compound 164 (533 mg, 1.1 mmol) was treated 
with method K to give 361 mg (yield 82%) of 
compound 165 as a white solid; 
1
H NMR (DMSO-
d6) : 10.67 (bs, 1H, NH-1), 10.60 (s, 1H, NH-7), 6.49 (bs, 2H, NH2), 4.75 (t, JOH-3‘ = 
6.0 Hz, OH), 3.88 – 4.01 (m, 4H, P-O-CH2-CH3), 3.57 – 3.72 (m, 5H, H-1‘), 3.57 – 
3.72 (m, 5H, H-2‘), 3.57 – 3.72 (m, 5H, H-4‘), 3.42 (ddd, Jgem = 12.0 Hz, J3’a-OH = 6.1 
Hz, J3‘a-2‘ = 3.9 Hz, 1H, H-3’a), 3.34 (dt, Jgem = 12.0 Hz, J3’b-OH = J1‘b-2‘ = 5.9 Hz, 1H, 
H-3‘b), 1.85 – 1.97 (m, 2H, H-5‘), 1.20 (t, JCH3-CH2 = 7.1 Hz, 6H, P-O-CH2-CH3); 
13
C NMR (DMSO-d6) : 153.63 (C-6), 152.69 (C-8), 151.21 (C-2), 148.36 (C-4), 
98.41 (C-5), 77.77 (C-2‘), 63.61 (C-4‘), 61.75 (C-3‘), 61.28 (d, JC-O-P = 6.3 Hz, P-O-
CH2-CH3), 61.22 (d, JC-O-P = 6.3 Hz, P-O-CH2-CH3), 40.14 (C-1‘), 26.46 (d, JC-P  = 
135.9 Hz, C-5‘), 16.42 (d, JC-C-O-P = 5.8 Hz, P-O-CH2-CH3); MS-ESI
+
 m/z (%): 406 
(20, M+H
+




: m/z calcd for C14H25O7N5P (M+H
+
) 
406.1486, found 406.1486; FTIR (KBr, cm
-1
) : 3169, 1712, 1685, 1593, 1539, 1460, 
1382, 1360, 1248, 1226, 1100, 1050, 960. [α]
20









phosphonic acid (166) 
Treatment of compound 165 (203 mg, 0.5 mmol) by 
method D1 followed by method E gave 135 mg 
(yield 77%) of compound 166 as a yellowish solid; 
1
H NMR (D2O) : 3.91 (dd, Jgem = 14.6 Hz, J1‘a-2‘ = 5.1 Hz, 1H, H-1’a), 3.87 (dd, Jgem 
= 14.6 Hz, J1‘b-2‘ = 6.0 Hz, 1H, H-1‘b), 3.73 – 3.87 (m, 3H, H-2‘), 3.73 – 3.87 (m, 
3H, H-4‘), 3.71 (dd, Jgem = 12.3 Hz, J3‘a-2‘ = 3.9 Hz, 1H, H-3’a), 3.55 (dd, Jgem = 12.3 
Hz, J3‘b-2‘ = 6.0 Hz, 1H, H-3‘b), 1.74 – 1.91 (m, 2H, H-5‘); 
13
C NMR (D2O) : 
154.55 (C-8), 154.21 (C-6), 153.39 (C-2), 150.09 (C-4), 99.77 (C-5), 78.23 (C-2‘), 
66.44 (d, JC-C-P = 1.6 Hz, C-4‘), 61.75 (C-3‘), 40.59 (C-1‘), 29.57 (d, JC-P = 129.8 Hz, 
C-5‘); MS-ESI
+
 m/z (%): 350 (100, M+H
+





calcd for C10H17O7N5P (M+H
+
) 350.0860, found 350.0860; FTIR (KBr, cm
-1
) : 
3444, 3366, 3205, 2646, 1684, 1652, 1607, 1538, 1461, 1222, 1126, 1047, 1014, 978, 
964. [α]
20
D = -7.3 (c = 0.399 g/100mL, H2O). 
 






Treatment of compound 122 (187 mg, 0.5 mmol) by 
method L (chromatography: gradient from 0-10% 
methanol in chloroform) gave 103 mg (yield 31%) of 
compound 167 as a yellowish foam; 
1
H NMR 
(DMSO-d6) : 12.29 (bs, 1H, NH-1), 8.04 (s, 1H, H-
2), 7.96 (s, 1H, H-8), 7.15 – 7.27 (m, 8H, H-2‘‘, H-3‘‘, H-4‘‘), 7.08 – 7.11 (m, 2H, 
H-2‘‘), 4.98 (t, JOH-3‘ = 5.7 Hz, 1H, OH-3‘), 4.49 (dd, JNH-P = 12.7 Hz, JNH-6‘ = 10.8 
Hz, 1H, NH), 4.27 (dd, Jgem = 14.3 Hz, J1‘a-2‘ = 3.9 Hz, 1H, H-1’a), 4.10 (dd, JNH-P = 
12.8 Hz, JNH-6‘ = 10.5 Hz, 1H, NH), 4.06 (dd, Jgem = 14.3 Hz, J1‘b-2‘ = 7.4 Hz, 1H, H-




6‘), 3.54 (m, 1H, H-2‘), 3.43 (m, 1H, H-4’a), 3.36 (m, 1H, H-3’b), 3.26 (m, 1H, H-
4’b), 2.89 (dd, Jgem = 13.4 Hz, J7‘-6‘ = 6.6 Hz, 1H, H-7‘), 2.83 (dd, Jgem = 13.4 Hz, J7‘-
6‘ = 6.3 Hz, 1H, H-7‘), 2.82 (dd, Jgem = 13.4 Hz, J7‘-6‘ = 7.8 Hz, 1H, H-7‘), 2.73 (dd, 
Jgem = 13.4 Hz, J7‘-6‘ = 7.3 Hz, 1H, H-7‘), 1.40 – 1.55 (m, 2H, H-5‘), 1.10 (t, JCH3-CH2 
= 7.1 Hz, 3H, O-CH2-CH3), 1.05 (t, JCH3-CH2 = 7.1 Hz, 3H, O-CH2-CH3); 
13
C NMR 
(DMSO-d6) : 173.25 (d, JC-P = 2.5 Hz, C=O), 173.03 (d, JC-P = 5.4 Hz, C=O), 156.84 
(C-6), 148.69 (C-4), 145.59 (C-2), 141.07 (C-8), 137.48 (C-1‘‘), 137.33 (C-1‘‘), 
129.56 (C-2‘‘), 129.52 (C-2‘‘), 128.28 (C-3‘‘), 128.24 (C-3‘‘), 126.64 (C-4‘‘), 
126.59 (C-4‘‘), 123.84 (C-5), 78.38 (C-2‘), 63.99 (C-4‘), 60.50 (O-CH2-CH3), 60.46 
(C-3‘), 60.42 (O-CH2-CH3), 54.30 (C-6‘), 54.11 (C-6‘), 44.38 (C-1‘), 40.0 (C-7‘), 
39.9 (C-7‘), 30.15 (d, JC-P = 111.2 Hz, C-5‘), 14.10 (O-CH2-CH3), 14.04 (O-CH2-
CH3); MS-ESI
+
 m/z (%): 669 (5, M+H
+
), 691 (100, M+Na
+





: m/z calcd for C32H41O8N6NaP (M+Na
+
) 691.2616, found 691.2615; 
FTIR (KBr, cm
-1
) : 3382, 3121, 1978, 1736, 1695, 1603, 1586, 1473, 1414, 1386, 






Treatment of compound 123 (195 mg, 0.5 mmol) 
by method L (chromatography: gradient from 0-
12% methanol in chloroform) gave 99 mg (yield 
29%) of compound 168 as a yellowish foam; 
1
H 
NMR (DMSO-d6) : 10.55 (bs, 1H, NH-1), 7.55 
(s, 1H, H-8), 7.15 – 7.28 (m, 8H, H-2‘‘,  H-3‘‘, H-
4‘‘), 7.09 – 7.12 (m, 2H, H-2‘‘), 6.47 (bs, 1H, NH2), 4.96 (t, JOH-3‘a = JOH-3’b = 5.8 
Hz, 1H, OH-3‘), 4.52 (dd, JNH-P = 12.8 Hz, JNH-6‘ = 10.8 Hz, 1H, NH), 4.12 (dd, JNH-P 
= 12.9 Hz, JNH-6‘ = 10.5 Hz, 1H, NH), 4.06 (dd, Jgem = 14.4 Hz, J1‘a-2‘ = 4.1 Hz, 1H, 
H-1‘a), 4.02 (q, 4H, O-CH2-CH3), 3.90 – 4.01 (m, 2H, H-3’a, H-6‘), 3.85 (dd, Jgem = 
14.4 Hz, J1‘b-2‘ = 7.1 Hz, 1H, H-1’b), 3.84 (m, 1H, H-6‘), 3.46 (m, 1H, H-2‘), 3.40 
(m, 1H, H-4’a), 3.27 – 3.39 (m, 2H, H-3’b, H-4’b), 2.89 (dd, Jgem = 13.4 Hz, J7‘-6‘ = 
6.7 Hz, 1H, H-7‘), 2.84 (dd, Jgem = 13.4 Hz, J7‘-6‘ = 6.4 Hz, 1H, H-7‘), 2.83 (dd, Jgem 




7‘), 1.43 – 1.58 (m, 2H, H-5‘), 1.11 (t, JCH3-CH2 = 7.1 Hz, 3H, O-CH2-CH3), 1.06 (t, 
JCH3-CH2 = 7.1 Hz, 3H, O-CH2-CH3); 
13
C NMR (DMSO-d6) : 173.25 (d, JC-P = 2.4 
Hz, C=O), 173.06 (d, JC-P = 5.0 Hz, C=O), 157.01 (C-6), 153.70 (C-2), 151.49 (C-4), 
138.23 (C-8), 137.46 (C-1‘‘), 137.35 (C-1‘‘), 129.57 (C-2‘‘), 129.54 (C-2‘‘), 128.29 
(C-3‘‘), 128.25 (C-3‘‘), 126.65 (C-4‘‘), 126.60 (C-4‘‘), 116.41 (C-5), 78.28 (C-2‘), 
63.86 (C-4‘), 60.52 (O-CH2-CH3), 60.45 (C-3‘), 60.43 (O-CH2-CH3), 54.35 (C-6‘), 
54.09 (C-6‘), 43.51 (C-1‘), 40.0 (C-7‘), 30.19 (d, JC-P = 112.3 Hz, C-5‘), 14.10 (O-
CH2-CH3), 14.04 (O-CH2-CH3); MS-ESI
+
 m/z (%): 684 (20, M+H
+
), 706 (100, 
M+Na
+




: m/z calcd for C32H43O8N7P (M+H
+
) 
684.2905, found 684.2907; FTIR (KBr, cm
-1
) : 3337, 3209, 3110, 1735, 1689, 1629, 





Treatment of compound 124a (176 mg, 0.5 mmol) by 
method L (chromatography: gradient from 0-16% 
methanol in chloroform) gave 69 mg (yield 28%) of 
compound 169 as a yellowish solid; 
1
H NMR (DMSO-d6) 
: (2 diastereoisomers in a ratio of 1:0.6) 12.26 (bs, 2H, 
NH-1), 8.031 (s, 1H, H-2), 8.029 (s, 1H, H-2), 7.984 (s, 
1H, H-8), 7.979 (s, 1H, H-8), 7.22 – 7.27 (m, 4H, H-3‘‘), 
7.15 – 7.21 (m, 6H, H-2‘‘, H-4‘‘), 5.06 (bs, 2H, OH-3‘), 4.20 – 4.31 (m, 2H, H-1‘), 
4.07 – 4.15 (m, 2H, H-1‘), 3.87 – 4.01 (m, 6H, O-CH2-CH3, H-6‘), 3.81 (d, JH-P = 2.0 
Hz, 2H, NH2), 3.75 (d, JH-P = 2.0 Hz, 2H, NH2), 3.27 – 3.61 (m, 10H, H-2‘, H-3‘, H-
4‘), 2.81 – 2.93 (m, 4H, H-7‘), 1.49 – 1.66 (m, 2H, H-5‘), 1.07 (t, JCH3-CH2 = 7.1 Hz, 
3H, O-CH2-CH3), 1.06 (t, JCH3-CH2 = 7.1 Hz, 3H, O-CH2-CH3); 
13
C NMR (DMSO-
d6) : 173.38 (d, JC-P = 2.8 Hz, C=O), 173.26 (d, JC-P = 4.3 Hz, C=O), 156.90 (C-6), 
148.72 (C-4), 145.65 (C-2), 141.08 (C-8), 129.50 (C-2‘‘), 128.28 (C-3‘‘), 126.58 (C-
4‘‘), 126.57 (C-4‘‘), 123.85 (C-5), 123.84 (C-5), 78.39 (C-2‘), 78.36 (C-2‘), 64.47 
(C-4‘), 64.40 (C-4‘), 60.57 (C-3‘), 60.51 (C-3‘), 60.37 (O-CH2-CH3), 60.35 (O-CH2-
CH3), 55.28 (C-6‘), 54.97 (C-6‘), 44.47 (C-1‘), 44.44 (C-1‘), 40.03 (C-7‘), 30.95 (d, 
JC-P = 111.0 Hz, C-5‘), 30.72 (d, JC-P = 111.0 Hz, C-5‘), 14.10 (O-CH2-CH3), 14.09 
(O-CH2-CH3); MS-ESI
+
 m/z (%): 493 (10, M+H
+
), 515 (100, M+Na
+








: m/z calcd for C21H29O6N6NaP (M+Na
+
) 515.1778, found 
515.1776; FTIR (KBr, cm
-1
) : 3392, 3273, 3118, 2904, 2873, 1733, 1694, 1587, 
1559, 1548, 1414, 1345, 1198, 1178, 1121, 1042, 1031, 960, 702. From this reaction 





Treatment of compound 125a (184 mg, 0.5 mmol) by 
method L (chromatography: gradient from 0-24% 
methanol in chloroform) gave 45 mg (yield 18%) of  
compound 170 as a yellowish solid; 
1
H NMR (DMSO-
d6) : (2 diastereoisomers in a ratio of 0.4:0.6) 10.61 (bs, 
2H, NH-1), 7.58 (s, 1H, H-8), 7.57 (s, 1H, H-8), 7.22 – 
7.28 (m, 4H, H-3‘‘), 7.16 – 7.21 (m, 6H, H-2‘‘, H-4‘‘), 
6.53 (bs, 4H, NH2-2), 5.09 (t, JOH-3‘ = 5.8 Hz, 1H, OH-3‘), 5.04 (t, JOH-3‘ = 5.8 Hz, 
1H, OH-3‘), 4.33 (t, JNH-P = JNH-6‘ = 10.5 Hz, 1H, NH-6‘), 4.26 (t, JNH-P = JNH-6‘ = 
10.5 Hz, 1H, NH-6‘), 4.07 (dd, Jgem = 14.3 Hz, J1‘a-2‘ = 4.1 Hz, 1H, H-1’a), 4.06 (dd, 
Jgem = 14.3 Hz, J1‘a-2‘ = 4.1 Hz, 1H, H-1’a), 3.99 (q, JCH2-CH3 = 7.1 Hz, 2H, O-CH2-
CH3), 3.98 (q, JCH2-CH3 = 7.1 Hz, 2H, O-CH2-CH3), 3.90 – 3.98 (m, 2H, H-6‘), 3.90 
2x(dd, Jgem = 14.3 Hz, J1‘b-2‘ = 7.1 Hz, 1H, H-1‘b), 3.84 (d, JH-P = 2.2 Hz, 2H, NH2), 
3.78 (d, JH-P = 2.0 Hz, 2H, NH2), 3.29 – 3.57 (m, 10H, H-2‘, H-3‘, H-4‘), 2.81 – 2.94 
(m, 4H, H-7‘), 1.52 – 1.70 (m, 4H, H-5‘), 1.07 (t, JCH3-CH2 = 7.1 Hz, 3H, O-CH2-
CH3), 1.06 (t, JCH3-CH2 = 7.1 Hz, 3H, O-CH2-CH3); 
13
C NMR (DMSO-d6) : 173.41 
(d, JC-P = 2.7 Hz, C=O), 173.30 (d, JC-P = 4.0 Hz, C=O), 157.03 (C-6), 153.77 (C-2), 
151.54 (C-4), 151.52 (C-4), 138.23 (C-8), 137.63 (C-1‘‘), 137.60 (C-1‘‘), 129.52 (C-
2‘‘), 128.31 (C-3‘‘), 126.60 (C-4‘‘), 126.59 (C-4‘‘), 116.40 (C-5), 116.39 (C-5), 
78.31 (C-2‘), 78.26 (C-2‘), 64.31 (C-4‘), 64.21 (C-4‘), 60.53 (C-3‘), 60.40 (O-CH2-
CH3), 60.38 (O-CH2-CH3), 55.33 (C-6‘), 54.99 (C-6‘), 43.64 (C-1‘), 43.58 (C-1‘), 
40.10 (C-7‘), 30.97 (d, JC-P = 110.5 Hz, C-5‘), 30.74 (d, JC-P = 109.4 Hz, C-5‘), 14.12 
(O-CH2-CH3), 14.11 (O-CH2-CH3); MS-ESI
+
 m/z (%): 508 (15, M+H
+
), 530 (100, 
M+Na
+




: m/z calcd for C21H30O6N7NaP (M+Na
+
) 
530.1887, found 530.1885; FTIR (KBr, cm
-1




1631, 1600, 1541, 1415, 1180, 1118, 1033, 961, 703. From this reaction was also 






Treatment of compound 157 (201 mg, 0.5 mmol) by 
method L (chromatography: gradient from 0-8% 
methanol in chloroform) gave 98 mg (yield 28%) of 
compound 171 as a yellowish foam; 
1
H NMR 
(DMSO-d6) : 12.33 (bs, 1H, NH-1), 8.05 (s, 1H, H-
2), 7.93 (s, 1H, H-8), 7.10 – 7.28 (m, 8H, H-2‘‘, H-
3‘‘, H-4‘‘), 7.07 – 7.11 (m, 2H, H-2‘‘), 4.51 (dd, JNH-P = 12.8 Hz, JNH-6‘ = 10.8 Hz, 
1H, NH), 4.44 (dd, Jgem = 14.4 Hz, J1‘a-2‘ = 4.2 Hz, 1H, H-1’a), 4.33 (dd, Jgem = 14.4 
Hz, J1‘b-2‘ = 6.8 Hz, 1H, H-1‘b), 4.26 (dd, J2‘-1’a = 4.2 Hz, J2‘-1’b = 6.8 Hz, 1H, H-2‘), 
4.12 (dd, JNH-P = 13.0 Hz, JNH-6‘ = 10.5 Hz, 1H, NH), 4.01 (q, JCH3-CH2 = 7.1 Hz, 2H, 
O-CH2-CH3), 3.97 (q, JCH3-CH2 = 7.1 Hz, 2H, O-CH2-CH3), 3.94 (m, 1H, H-6‘), 3.82 
(m, 1H, H-6‘), 3.65 (s, 3H, O-CH3), 3.49 (m, 1H, H-4’a), 3.22 (m, 1H, H-4’b), 2.88 
(dd, Jgem = 13.4 Hz, J7‘-6‘ = 6.4 Hz, 1H, H-7‘), 2.822 (dd, Jgem = 13.4 Hz, J7‘-6‘ = 6.2 
Hz, 1H, H-7‘), 2.816 (dd, Jgem = 13.4 Hz, J7‘-6‘ = 7.9 Hz, 1H, H-7‘), 2.70 (dd, Jgem = 
13.4 Hz, J7‘-6‘ = 7.5 Hz, 1H, H-7‘), 1.45 – 1.57 (m, 2H, H-5‘), 1.11 (t, JCH3-CH2 = 7.1 
Hz, 3H, O-CH2-CH3), 1.06 (t, JCH3-CH2 = 7.1 Hz, 3H, O-CH2-CH3); 
13
C NMR 
(DMSO-d6) : 173.28 (d, JC-P = 2.3 Hz, C=O), 173.05 (d, JC-P = 5.1 Hz, C=O), 170.08 
(C-3‘), 156.84 (C-6), 148.59 (C-4), 145.84 (C-2), 141.01 (C-8), 137.49 (C-1‘‘), 
137.36 (C-1‘‘), 129.57 (C-2‘‘), 129.53 (C-2‘‘), 128.29 (C-3‘‘), 128.23 (C-3‘‘), 
126.65 (C-4‘‘), 126.58 (C-4‘‘), 123.76 (C-5), 76.41 (C-2‘), 65.33 (C-4‘), 60.52 (O-
CH2-CH3), 60.44 (O-CH2-CH3), 54.28 (C-6‘), 54.06 (C-6‘), 52.32 (O-CH3), 44.79 
(C-1‘), 40.09 (C-7‘), 29.91 (d, JC-P = 112.0 Hz, C-5‘), 14.11 (O-CH2-CH3), 14.05 (O-
CH2-CH3); MS-ESI
+
 m/z (%): 697 (25, M+H
+





calcd for C33H42O9N6P (M+H
+
) 697.2745, found 697.2745; FTIR (KBr, cm
-1
) : 
3122, 2953, 2903, 1737, 1698, 1586, 1547, 1520, 1455, 1438, 1416, 1342, 1201, 









Treatment of compound 158 (209 mg, 0.5 mmol) 
by method L (chromatography: gradient from 0-
12% methanol in chloroform) gave 89 mg (yield 
25%) of compound 172 as a yellowish foam; 
1
H 
NMR (DMSO-d6) : 10.56 (bs, 1H, NH-1), 7.53 
(s, 1H, H-8), 7.15 – 7.28 (m, 8H, H-2‘‘, H-3‘‘, H-
4‘‘), 7.07 – 7.11 (m, 2H, H-2‘‘), 6.47 (bs, 2H, NH2), 4.51 (dd, JNH-P = 12.8 Hz, JNH-6‘ 
= 10.8 Hz, 1H, NH), 4.23 (dd, Jgem = 13.7 Hz, J1‘a-2‘ = 3.7 Hz, 1H, H-1’a), 4.16 (dd, 
J2‘-1’a = 3.7 Hz, J2‘-1’b = 7.0 Hz, 1H, H-2‘), 4.12 (dd, JNH-P = 12.8 Hz, JNH-6‘ = 10.5 Hz, 
1H, NH), 4.10 (dd, Jgem = 13.7 Hz, J1‘b-2‘ = 7.0 Hz, 1H, H-1‘b), 4.02 (q, JCH3-CH2 = 7.1 
Hz, 2H, O-CH2-CH3), 3.97 (q, JCH3-CH2 = 7.1 Hz, 2H, O-CH2-CH3), 3.94 (m, 1H, H-
6‘), 3.82 (m, 1H, H-6‘), 3.66 (s, 3H, O-CH3), 3.45 (m, 1H, H-4’a), 3.21 (m, 1H, H-
4’b), 2.88 (dd, Jgem = 13.4 Hz, J7‘-6‘ = 6.5 Hz, 1H, H-7‘), 2.83 (dd, Jgem = 13.4 Hz, J7‘-
6‘ = 6.3 Hz, 1H, H-7‘), 2.82 (dd, Jgem = 13.4 Hz, J7‘-6‘ = 7.8 Hz, 1H, H-7‘), 2.70 (dd, 
Jgem = 13.4 Hz, J7‘-6‘ = 7.6 Hz, 1H, H-7‘), 1.48 – 1.58 (m, 2H, H-5‘), 1.11 (t, JCH3-CH2 
= 7.1 Hz, 3H, O-CH2-CH3), 1.06 (t, JCH3-CH2 = 7.1 Hz, 3H, O-CH2-CH3); 
13
C NMR 
(DMSO-d6) : 173.26 (d, JC-P = 2.4 Hz, C=O), 173.06 (d, JC-P = 5.1 Hz, C=O), 170.22 
(C-3‘), 156.96 (C-6), 153.80 (C-2), 151.41 (C-4), 138.11 (C-8), 137.47 (C-1‘‘), 
137.37 (C-1‘‘), 129.58 (C-2‘‘), 129.53 (C-2‘‘), 128.29 (C-3‘‘), 128.24 (C-3‘‘), 
126.65 (C-4‘‘), 126.59 (C-4‘‘), 116.30 (C-5), 76.50 (C-2‘), 65.24 (C-4‘), 60.53 (O-
CH2-CH3), 60.44 (O-CH2-CH3), 54.31 (C-6‘), 54.04 (C-6‘), 52.28 (O-CH3), 44.12 
(C-1‘), 40.00 (C-7‘), 29.94 (d, JC-P = 112.1 Hz, C-5‘), 14.11 (O-CH2-CH3), 14.05 (O-
CH2-CH3); MS-ESI
+
 m/z (%): 712 (15, M+H
+
), 734 (100, M+Na
+





: m/z calcd for C33H43O9N7P (M+H
+
) 712.2854, found 
712.2853; FTIR (KBr, cm
-1
) : 3172, 2902, 1737, 1690, 1600, 1538, 1495, 1487, 






5.7. Synthesis of (S)-CPEEA derivatives 
 
(S)-3-(6-Amino-9H-purin-9-yl)-2-[2-(diethoxyphos-
phoryl)ethoxy]propanoic acid (173) 
Compound 128 (373 mg, 1 mmol) was treated by 
method B (chromatography: gradient from 2-25% 
methanol in chloroform) to afford (after evaporation) 
the crude product. Crystallization from EtOAc-MeOH 
gave 321 mg (yield 83%) of compound 173 as a white solid; 
1
H NMR (DMSO-d6) : 
8.12 (s, 1H, H-2), 8.06 (s, 1H, H-8), 7.12 (s, 2H, NH2), 4.48 (dd, Jgem = 14.2 Hz, J1’a-
2‘ = 3.5 Hz, 1H, H-1’a), 4.23 (dd, Jgem = 14.2 Hz, J1’b-2‘ = 8.1 Hz, 1H, H-1‘b), 3.88 – 
3.95 (m, 5H, P-O-CH2-CH3, H-2‘), 3.78 (m, 1H, H-4‘a), 3.29 – 3.46 (m, 1H, H-4‘b), 
1.89 – 1.96 (m, 2H, H-5‘), 1.17 (t, JCH3-CH2 = 7.1 Hz, 3H, P-O-CH2-CH3), 1.16 (t, 
JCH3-CH2 = 7.1 Hz, 3H, P-O-CH2-CH3); 
13
C NMR (DMSO-d6) : 172.38 (C-3‘), 
156.02 (C-6), 152.38 (C-2), 149.87 (C-4), 141.62 (C-8), 118.56 (C-5), 79.70 (C-2‘), 
63.19 (C-4‘), 61.29 (d, JC-O-P = 5.6 Hz, P-O-CH2-CH3), 45.39 (C-1‘), 26.60 (C-5‘), 
25.50 (C-5‘), 16.35 (d, JC-C-O-P = 6.1 Hz, P-O-CH2-CH3); MS-ESI
-





: m/z calcd for C14H21O6N5P (M-H
+
) 386.1235, found 
386.1234; FTIR (KBr, cm
-1
) : 1732, 1634, 1603, 1575, 1395, 1230, 1123, 1050, 
1028, 965. [α]
20
D = -9.4 (c = 0.308 g/100mL, MeOH). 
 
(S)-3-(6-Amino-9H-purin-9-yl)-2-(2-phosphono-
ethoxy)propanoic acid (174) 
Treatment of compound 146 (194 mg, 0.5 mmol) by 
method D1 followed by method E gave 124 mg (yield 
75%) of compound 174 as a white solid; 
1
H NMR (D2O) 
: 8.23 (s, 1H, H-2), 8.13 (s, 1H, H-8), 4.58 (dd, Jgem = 
14.7 Hz, J1’a-2‘ = 3.9 Hz, 1H, H-1’a), 4.42 (dd, Jgem = 14.7 Hz, J1’b-2‘ = 7.0 Hz, 1H, H-
1‘b), 4.16 (dd, J2‘-1‘a = 3.9 Hz, J2‘-1‘b = 7.0 Hz, 1H, H-2‘), 3.71 (m, 1H, H-4‘a), 3.54 
(m, 1H, H-4‘b), 1.76 – 1.83 (m, 2H, H-5‘); 
13
C NMR (D2O) : 177.48 (C-3‘), 156.02 
(C-6), 152.93 (C-2), 149.79 (C-4), 143.61 (C-8), 118.78 (C-5), 79.87 (C-2‘), 66.78 
(C-4‘), 43.39 (C-1‘), 29.60 (C-5‘), 28.90 (C-5‘); MS-ESI
-







: m/z calcd for  C10H13O6N5P (M-H
+




330.0754; FTIR (KBr, cm
-1
) : 3315, 3120, 1732, 1637, 1612, 1575, 1418, 1105, 
1071, 899. [α]
20




Compound 151 (421 mg, 1 mmol) was placed into 
reaction vial and a solution of 3.5 M ammonia in 
ethanol (5 mL) was added. The vial was microwave 
irradiated at 120 °C for 1 h. The mixture was 
evaporated and codistilled with water (2 x 10 mL) and ethanol (2 x 10 mL). The 
residue was purified by silica gel chromatography (gradient from 1-6% methanol in 
chloroform) to afford (after evaporation) 297 mg (yield 77%) of compound 175 as a 
colorless oil which solidified; 
1
H NMR (DMSO-d6) : 8.14 (s, 1H, H-2), 8.00 (s, 1H, 
H-8), 7.71 (d, Jgem = 2.0 Hz, 1H, H-3‘-NHa), 7.47 (d, Jgem = 2.0 Hz, 1H, H-3‘-NHb), 
7.19 (bs, 2H, H-6-NH2), 4.48 (dd, Jgem = 14.3 Hz, J1’a-2‘ = 3.8 Hz, 1H, H-1’a), 4.32 
(dd, Jgem = 14.3 Hz, J1’b-2‘ = 7.1 Hz, 1H, H-1‘b), 4.18 (dd, J2‘-1‘a = 3.8 Hz, J2‘-1‘b = 7.1 
Hz, 1H, H-2‘), 3.89 – 3.97 (m, 4H, P-O-CH2-CH3), 3.60 (m, 1H, H-4‘a), 3.50 (m, 
1H, H-4‘b), 1.96 – 2.04 (m, 2H, H-5’a, H-5‘b), 1.19 (t, JCH3-CH2 = 7.1 Hz, 3H, P-O-
CH2-CH3), 1.18 (t, JCH3-CH2 = 7.1 Hz, 3H, P-O-CH2-CH3); 
13
C NMR (DMSO-d6) : 
171.49 (C-3‘), 156.14 (C-6), 152.65 (C-2), 149.99 (C-4), 141.32 (C-8), 118.54 (C-5), 
78.22 (C-2‘), 64.87 (d, JC-C-P = 2.9 Hz, C-4‘), 61.33 (m, P-O-CH2-CH3), 44.37 (C-
1‘), 25.78 (d, JC-P = 137.6 Hz, C-5‘), 16.40 (m, P-O-CH2-CH3); MS-ESI
+
 m/z (%): 
387 (10, M+H
+




: m/z calcd for C14H24O5N6P 
(M+H
+
) 387.1540, found 387.1540; FTIR (KBr, cm
-1
) : 3372, 3320, 3195, 2929, 
1687, 1651, 1603, 1577, 1481, 1467, 1422, 1388, 1330, 1304, 1234, 1105, 1031, 995. 
[α]
20
D = -14.7 (c = 0.285 g/100mL, MeOH). 
 
(S)-{2-[(1-Amino-3-[6-amino-9H-purin-9-yl]-1-
oxopropan-2-yl)oxy]ethyl}phosphonic acid (176) 
Treatment of compound 175 (193 mg, 0.5 mmol) by 
method D1 followed by method E gave 125 mg (yield 
76%) of compound 176 as a white solid; 
1
H NMR (D2O) 
: 8.08 (s, 1H, H-2), 8.03 (s, 1H, H-8), 4.48 (dd, Jgem = 




1‘b), 4.15 (dd, J2‘-1‘a = 4.0 Hz, J2‘-1‘b = 6.0 Hz, 1H, H-2‘), 3.63 (m, 1H, H-4‘a), 3.51 
(m, 1H, H-4‘b), 1.63 – 1.80 (m, 2H, H-5’); 
13
C NMR (D2O) : 174.54 (C-3‘), 154.93 
(C-6), 151.79 (C-2), 148.86 (C-4), 142.8 (C-8), 117.74 (C-5), 77.52 (C-2‘), 66.65 (C-
4‘), 44.79 (C-1‘), 28.31 (d, JC-P = 131.7 Hz, C-5‘);MS-ESI
-





: m/z calcd for  C10H14O5N6P (M-H
+
) 329.0769, found 329.0769; 
FTIR (KBr, cm
-1
) : 1673, 1646, 1606 1579, 1510, 1478, 1122, 1054, 901. [α]
20
D = -
13.3 (c = 0.305 g/100mL, H2O). 
 
5.8. Synthesis of (S)-HPEP monomers 





Compound 128 (1.12 g, 3 mmol) was treated by 
method A to give 977 mg (yield 68%) of 
compound 177 as a yellowish oil; 
1
H NMR 
(DMSO-d6) : 11.16 (bs, 1H, NH), 8.73 (s, 1H, 
H-2), 8.44 (s, 1H, H-8), 8.04 (m, 2H, H-2Bz), 7.64 (m, 1H, H-4Bz), 7.55 (m, 2H, H-
3Bz), 4.94 (bs, 1H, OH), 4.47 (dd, Jgem = 14.4 Hz, J1‘a-2‘ = 4.0 Hz, 1H, H-1’a), 4.29 
(dd, Jgem = 14.4 Hz, J1‘b-2‘ = 7.3 Hz, 1H, H-1‘b), 3.88 – 3.96 (m, 4H, P-O-CH2-CH3), 
3.79 (m, 1H, H-2’), 3.67 (m, 1H, H-4’a), 3.53 (m, 1H, H-4’b), 3.41 – 3.49 (m, 2H, H-
3’), 1.84 – 1.97 (m, 2H, H-5’), 1.18 (t, JCH3-CH2 = 7.1 Hz, 6H, P-O-CH2-CH3); 
13
C 
NMR (DMSO-d6) : 166.20 (C=O), 152.85 (C-4), 151.50 (C-2), 150.23 (C-6), 
145.56 (C-8), 133.68 (C-1Bz), 132.60 (C-4Bz), 128.67 (C-3Bz), 128.64 (C-2Bz), 
125.59 (C-5), 78.33 (C-2’), 63.74 (C-4’), 61.23 (m, JC-O-P = 6.6 Hz, P-O-CH2-CH3), 
60.88 (C-3’), 44.32 (C-1’), 26.37 (d, JC-P = 136.4 Hz, C-5’), 16.40 (d, JC-C-O-P = 5.9 
Hz, P-O-CH2-CH3); MS-ESI
+
 m/z (%): 478 (15, M+H
+





: m/z calcd for C21H29O6N5P (M+H
+
) 478.1850, found 478.1848. [α]
20
D = -20.8 









Compound 177 (955 mg, 2 mmol) was 
treated by method M to give 1.29 g 
(yield 83%) of compound 178 as a 
white foam; 
1
H NMR (DMSO-d6) : 11.12 (bs, 1H, NH), 8.68 (s, 1H, H-2), 8.38 (s, 
1H, H-8), 8.04 (m, 2H, H-2Bz), 7.64 (m, 1H, H-4Bz), 7.55 (m, 2H, H-3Bz), 7.37 (m, 
2H, H-2’’), 7.30 (m, 2H, H-3’’), 7.19 – 7.23 (m, 5H, H-4’’, H-2’’’), 6.85 – 6.88 (m, 
4H, H-3’’’), 4.44 (dd, Jgem = 14.4 Hz, J1‘a-2‘ = 4.7 Hz, 1H, H-1’a), 4.40 (dd, Jgem = 
14.4 Hz, J1‘b-2‘ = 6.5 Hz, 1H, H-1‘b), 3.87 – 3-97 (m, 5H, H-2’, P-O-CH2-CH3), 3.73 
(s, 6H, O-CH3), 3.69 (m, 1H, H-4’a), 3.53 (m, 1H, H-4’b), 2.99 – 3.10 (m, 2H, H-
3’), 1.88 – 1.96 (m, 2H, H-5’), 1.15 (t, JCH3-CH2 = 7.1 Hz, 6H, P-O-CH2-CH3); 
13
C 
NMR (DMSO-d6) : 165.70 (C=O), 158.28 (C-4’’’), 152.74 (C-4), 151.51 (C-2), 
150.17 (C-6), 145.24 (C-8), 144.88 (C-1’’), 135.55 (C-1’’’), 133.70 (C-1Bz), 132.55 
(C-4Bz), 129.80 (C-2’’’), 128.63 (C-3Bz), 128.61 (C-2Bz), 128.00 (C-3’’), 127.79 
(C-2’’), 126.89 (C-4’’), 125.08 (C-5), 113.36 (C-3’’’), 85.90 (C-6’), 76.78 (C-2’), 
64.25 (C-4’), 63.38 (C-3’), 61.20 (d, JC-O-P = 5.8 Hz, P-O-CH2-CH3), 55.20 (O-CH3), 
44.50 (C-1’), 26.42 (d, JC-P = 136.6 Hz, C-5’), 16.37 (d, JC-C-O-P = 5.6 Hz, P-O-CH2-
CH3); MS-ESI
+
 m/z (%): 780 (10, M+H
+





calcd for C42H46O8N5NaP (M+Na
+
) 802.2976, found 802.2980. [α]
20
D = -10.3 (c = 





phosphonic acid [bis(triethyl- 
ammonium) salt] (179) 
Compound 178 (1.25 g, 1.6 mmol) was 
treated by method N to give 1.05 g (as 
a salt) (yield 71%) of compound 179 as a white solid; 
1
H NMR (DMSO-d6) : 8.68 
(s, 1H, H-2), 8.38 (s, 1H, H-8), 8.04 (m, 2H, H-2Bz), 7.64 (m, 1H, H-4Bz), 7.55 (m, 




2’’’), 6.85 – 6.88 (m, 4H, H-3’’’), 4.43 (dd, Jgem = 14.4 Hz, J1‘a-2‘ = 4.5 Hz, 1H, H-
1’a), 4.37 (dd, Jgem = 14.4 Hz, J1‘b-2‘ = 7.2 Hz, 1H, H-1‘b), 3.85 – 3.89 (m, 1H, H-2’), 
3.73 (s, 6H, O-CH3), 3.65 (m, 1H, H-4’a), 3.42 – 3.50 (m, 1H, H-4’b), 3.01 (q, JCH2-
CH3 = 7.3 Hz, 12H, CH2-Et3N), 2.91 (m, 2H, H-3’), 1.52 (m, 2H, H-5’), 1.12 t, JCH3-
CH2 = 7.3 Hz, 18H, CH3-Et3N); 
13
C NMR (DMSO-d6) : 172.30 (C=O), 156.24 (C-
4’’’), 152.66 (C-4), 151.37 (C-2), 150.09 (C-6), 145.33 (C-8), 144.90 (C-1’’), 135.61 
(C-1’’’), 133.70 (C-1Bz), 132.53 (C-4Bz), 129.76 (C-2’’’), 128.60 (C-3Bz), 128.59 
(C-2Bz), 128.00 C-3’’), 127.79 (C-2’’), 126, 85 (C-4’’), 125.09 (C-5), 113.37 (C-
3’’’), 85.76 (C-6’), 76.31 (C-2’), 67.00 (C-4’), 63.50 (C-3’), 55.20 (O-CH3), 45.69 
(CH2-Et3N), 44.78 (C-1’), 8.87 (CH3-Et3N); MS-ESI
-





: m/z calcd for C38H37O8N5P (M-H
+
) 722.2385, found 722.2382. [α]
20
D = 







(triethylammonium salt) (181) 
Compound 179 (926 mg, 1 mmol) was 
treated by method O to give 462 mg 
(as a salt) (yield 48%) of compound 
181 as a white solid; 
1
H NMR (DMSO-
d6) : 11.20 (bs, 1H, NH), 8.65 (s, 1H, 
H-2), 8.40 (s, 1H, H-8), 8.12 (d, J6py-5py = 7.2 Hz, 1H, H-6py), 8.05 (m, 2H, H-2Bz), 
7.64 (m, 1H, H-4Bz), 7.55 (m, 2H, H-3Bz), 7.38 (m, 2H, H-2’’), 7.29 (m, 2H, H-3’’), 
7.18 – 7.24 (m, 5H, H-4’’, H-2’’’), 7.04 (J3py-5py = 3.6 Hz, 1H, H-3py), 6.94 (dd, J5py-
6py = 7.2 Hz, J5py-3py = 3.6 Hz, 1H, H-5py), 6.86 (m, 4H, H-3’’’), 4.75 (m, 2H, CH2-
py), 4.43 (dd, Jgem = 14.2 Hz, J1‘a-2‘ = 4.3 Hz, 1H, H-1’a), 4.36 (dd, Jgem = 14.2 Hz, 
J1‘b-2‘ = 7.3 Hz, 1H, H-1‘b), 3.89 (m, 1H, H-2’), 3.77 (s, 3H, CH3-O-py), 3.72 (s, 6H, 
O-CH3), 3.66 (m, 1H, H-4’a), 3.46 (m, 1H, H-4’b), 3.07 (q, JCH2-CH3 = 7.3 Hz, 6H, 
CH2-Et3N), 3.04 (dd, Jgem = 10.2 Hz, J3‘a-2‘ = 4.6 Hz, 1H, H-3’a), 2.98 (dd, Jgem = 
10.2 Hz, J3‘b-2‘ = 5.3 Hz, 1H, H-3’b), 1.56 (m, 2H, H-5’), 1.19 (t, JCH3-CH2 = 7.3 Hz, 
9H, CH3-Et3N); 
13




4py), 152.69 (C-4), 151.37 (C-2), 150.80 (d, JC-P = 6.4 Hz, C-2py), 150.10 (C-6), 
145.41 (C-8), 144.90 (C-1’’), 139.56 (C-6py), 135.66 (C-1’’’), 135.62 (C-1’’’), 
133.76 (C-1Bz), 132.48 (C-4Bz), 129.75 (C-2’’’), 128.59 (C-3Bz), 129.58 (C-2Bz), 
127.97 (C-3’’), 127.80 (C-2’’), 126.83 (C-4’’), 125.21 (C-5), 113.33 (C-3’’’), 110.37 
(C-5py), 108.57 (C-3py), 85.76 (C-6’), 76.33 (C-2’), 67.00 (C-4’), 63.51 (C-3’), 
60.29 (d, JC-P = 3.6 Hz, CH2-py), 56.15 (CH3-O-py), 55.17 (O-CH3), 45.65 (CH2-
Et3N), 44.73 (C-1’), 29.50 (d, JC-P = 129.5 Hz, C-5’), 8.73 (CH3-Et3N); MS-ESI
+
 m/z 
(%): 861 (10, M+H
+




: m/z calcd for 
C45H45O10N6NaP (M+Na
+
) 883.2827, found 883.2830. [α]
20
D = -6.9 (c = 0.317 
g/100ml, DMSO). 
 





Compound 138 (568 mg, 1.5 mmol) was dissolved in 75% 
aqueous trifluoroacetic acid (20 mL) and heated at 50 °C 
overnight. Volatiles were evaporated and the residue was 
codistilled with water (3 x 20 mL) and neutralized with ammonia (1:10 with water) 
to pH 6-7. After evaporation the residue was purified by silica gel chromatography 
(gradient from 0-7% methanol in chloroform) to afford (after evaporation) 520 mg 
(yield 95%) of compound 182 as a colorless oil; 
1
H NMR (DMSO-d6) : 11.25 (s, 
1H, NH), 7.43 (q, J6-CH3 = 1.2 Hz, 1H, H-6), 4.79 (t, JOH-3’a = JOH-3’b = 5.7 Hz, 1H, 3’-
OH), 3.90 – 4.02 (m, 4H, P-O-CH2-CH3), 3.84 (m, 1H, H-1’a), 3.68 (m, 1H, H-4’a), 
3.50 – 3.59 (m, 3H, H-2’, H-1’b, H-4’b), 3.43 (ddd, Jgem = 11.6 Hz, J3’a-OH = 5.8 Hz, 
J3’a-2’ = 4.1 Hz, 1H, H-3’a), 3.37 (ddd, Jgem = 11.6 Hz, J3’b-OH = 5.7 Hz, J3’b-2’ = 4.8 
Hz, 1H, H-3’b), 1.93 – 2.01 (m, 2H, H-5’), 1.75 (d, JCH3-6 = 1.2 Hz, 3H, 5-CH3), 1.21 
(t, JCH3-CH2 = 7.1 Hz, 6H, P-O-CH2-CH3); 
13
C NMR (DMSO-d6) : 164.47 (C-4), 
151.24 (C-2), 142.61 (C-6), 108.07 (C-5), 78.32 (C-2’), 64.02 (C-4’), 61.23 (d, JC-O-P 
= 6.2 Hz, P-O-CH2-CH3), 61.19 (d, JC-O-P = 6.2 Hz, P-O-CH2-CH3), 61.13 (C-3’), 
48.57 (C-1’), 25.53 (d, JC-P = 136.5 Hz, C-5’), 16.42 (d, JC-C-O-P = 5.7 Hz, P-O-CH2-
CH3), 16.41 (d, JC-C-O-P = 5.7 Hz, P-O-CH2-CH3), 12.04 (5-CH3); MS-ESI
+










: m/z calcd for C14H25O7N2NaP 
(M+Na
+
) 387.1292, found 387.1292; FTIR (KBr, cm
-1
) : 3056, 2984, 1684, 1471, 
1432, 1387, 1367, 1249, 1164, 1099, 1051, 1028, 963. [α]
20






Compound 182 (729 mg, 2 mmol) was treated by method 
M to give 1.13 g (yield 85%) of compound 183 as a white 
foam; 
1
H NMR (DMSO-d6) : 11.22 (bs, 1H, NH), 7.35 – 
7.41 (m, 3H, H-6, H-2’’), 7.31 (m, 2H, H-3’’), 7.23 – 7.28 (m, 4H, H-2’’’), 7.22 (m, 
1H, H-4’’), 6.86 – 6.90 (m, 4H, H-3’’’), 3.96 (m, 4H, P-O-CH2-CH3), 3.81 (dd, Jgem 
= 13.3 Hz, J1‘a-2‘ = 4.4 Hz, 1H, H-1’a), 3.73 (s, 6H, O-CH3), 3.67 – 3.76 (m, 2H, H-
2’, H-4’a), 3.64 (dd, Jgem = 13.3 Hz, J1‘b-2‘ = 7.4 Hz, 1H, H-1‘b), 3.51 – 3.60 (m, 1H, 
H-4’b), 3.07 (dd, Jgem = 10.4 Hz, J3‘a-2‘ = 3.8 Hz, 1H, H-3’a), 2.94 (dd, Jgem = 10.4 
Hz, J3‘b-2‘ = 5.0 Hz, 1H, H-3’b), 2.00 (dt, J5’-P = 18.3 Hz, J5’-4’ = 7.5 Hz, 2H, H-5’), 
1.69 (d, JCH3-6 = 1.2 Hz, 3H, 5-CH3), 1.19 (t, JCH3-CH2 = 7.1 Hz, 3H, P-O-CH2-CH3), 
1.18 (t, JCH3-CH2 = 7.1 Hz, 3H, P-O-CH2-CH3); 
13
C NMR (DMSO-d6) : 164.39 (C-
4), 158.27 (C-4’’’), 151.10 (C-2), 144.98 (C-1’’), 142.32 (C-6), 135.62 (C-1’’’), 
135.58 (C-1’’’), 129.83 (C-2’’’), 128.02 (C-3’’), 127.79 (C-2’’), 126.87 (C-4’’), 
113.36 (C-3’’’), 108.08 (C-5), 85.78 (C-6’), 76.64 (C-2’), 64.48 (C-4’), 63.39 (C-3’), 
61.19 (d, JC-O-P = 6.1 Hz, P-O-CH2-CH3), 55.20 (O-CH3), 48.65 (C-1’), 26.62 (d, JC-
P = 136.5 Hz, C-5’), 16.40 (d, JC-C-O-P = 5.8 Hz, P-O-CH2-CH3), 12.01 (5-CH3); MS-
ESI
+
 m/z (%): 667 (5, M+H
+




: m/z calcd for 
C35H43O9N2NaP (M+Na
+
) 689.2598, found 689.2597. [α]
20














[bis(triethylammonium) salt] (184) 
Compound 183 (1.07 g, 1.6 mmol) was treated by method 
N to give 976 mg (as a salt) (yield 75%) of compound 184 
as a white solid; 
1
H NMR (DMSO-d6) : 7.40 (m, 2H, H-2’’), 7.34 (m, 1H, H-6), 
7.30 (m, 2H, H-3’’), 7.25 (m, 4H, H-2’’’), 7.21 (m, 1H, H-4’’), 6.88 (m, 4H, H-3’’’), 
3.82 (m, 1H, H-1’a), 3.72 (s, 6H, O-CH3), 3.58 – 3.71 (m, 3H, H-1’b, H-2’, H-4’a), 
3.52 (m, 1H, H-4’b), 3.02 (m, 1H, H-3’a), 2.98 (q, JCH2-CH3 = 7.3 Hz, 12H, CH2-
Et3N), 2.88 (m, 1H, H-3’b), 1.67 (d, JCH3-6 = 0.9 Hz, 3H, 5-CH3), 1.60 – 1.66 (m, 2H, 
H-5’), 1.14 (t, JCH3-CH2 = 7.3 Hz, 18H, CH3-Et3N); 
13
C NMR (DMSO-d6) : 164.44 
(C-4), 158.24 (C-4’’’), 151.08 (C-2), 144.99 (C-1’’), 142.60 (C-6), 135.69 (C-1’’’), 
135.65 (C-1’’’), 129.80 (C-2’’’), 128.03 (C-3’’), 127.79 (C-2’’), 126.85 (C-4’’), 
113.37 (C-3’’’), 107.83 (C-5), 85.63 (C-6’), 75.86 (C-2’), 67.20 (C-4’), 63.30 (C-3’), 
55.21 (O-CH3), 49.12 (C-1’), 45.61 (CH2-Et3N), 31.00 (d, JC-P = 131.2 Hz, C-5’), 
12.03 (5-CH3), 8.91 (CH3-Et3N); MS-ESI
-





m/z calcd for C31H34O9N2P (M-H
+
) 609.2007, found 609.2004. [α]
20
D = -25.4 (c = 






pyridine 1-oxide (triethylammonium salt) (186) 
Compound 184 (813 mg, 1 mmol) was treated by 
method O to give 433 mg (as a salt) (yield 51%) of 
compound 186 as a white solid; 
1
H NMR (DMSO-d6) 
: 11.22 (s, 1H, NH), 8.13 (d, J6py-5py = 7.2 Hz, 1H, H-
6py), 7.37 – 7.41 (m, 3H, H-6, H-2’’), 7.29 (m, 2H, H-3’’), 7.22 – 7.27 (m, 4H, H-
2’’’), 7.20 (m, 1H, H-4’’), 7.06 (bd, J3py-5py = 3.6 Hz, 1H, H-3py), 6.95 (dd, J5py-6py = 
7.2 Hz, J5py-3py = 3.6 Hz, 1H, H-5py), 6.84 – 6.89 (m, 4H, H-3’’’), 4.81 (d, JCH2-P = 
8.3 Hz, 2H, CH2-py), 3.81 (dd, Jgem = 13.4 Hz, J1‘a-2‘ = 4.4 Hz, 1H, H-1’a), 3.77 (s, 




(q, JCH2-CH3 = 7.3 Hz, 6H, CH2-Et3N), 3.03 (dd, Jgem = 10.2 Hz, J3‘a-2‘ = 3.9 Hz, 1H, 
H-3’a), 2.90 (dd, Jgem = 10.2 Hz, J3‘b-2‘ = 4.8 Hz, 1H, H-3’b), 1.72 (m, 2H, H-5’), 
1.67 (d, JCH3-6 = 1.2 Hz, 3H, 5-CH3), 1.16 (t, JCH3-CH2 = 7.3 Hz, 9H, CH3-Et3N); 
13
C 
NMR (DMSO-d6) : 164.39 (C-4), 158.24 (C-4’’’), 156.67 (C-4py), 151.09 (C-2), 
150.65 (bd, JC-P = 5.1 Hz, C-2py), 144.98 (C-1’’), 142.53 (C-6), 139.53 (C-6py), 
135.73 (C-1’’’), 135.67 (C-1’’’), 129.78 (C-2’’’), 127.99 (C-3’’), 127.80 (C-2’’), 
126.83 (C-4’’), 113.33 (C-3’’’), 110.45 (C-5py), 108.65 (C-3py), 107.88 (C-5), 85.66 
(C-6’), 76.15 (C-2’), 67.12 (C-4’), 63.47 (C-3’), 60.33 (bd, JC-P = 4.1 Hz, CH2-py), 
56.16 (CH3-O-py), 55.18 (O-CH3), 48.97 (C-1’), 45.58 (CH2-Et3N), 29.67 (d, JC-P = 
129.2 Hz, C-5’), 8.65 (CH3-Et3N); MS-ESI
-





m/z calcd for C38H41O11N3P (M-H
+
) 746.2484, found 746.2483. [α]
20
D = -21.8 (c = 
0.285 g/100ml, DMSO). 
 





Compound 123 (1.17 g, 3 mmol) was dissolved 
in dry pyridine (30 mL) in a round-bottomed 
flask with a drying tube (protecting the reaction 
from moisture), and the reaction mixture was cooled in an ice bath. TMSCl (2.67 
mL, 21 mmol) was added to the reaction mixture and after 30 min isobutyryl chloride 
(1.58 mL, 15 mmol) was added. The reaction flask was removed from the ice bath 
and the mixture was stirred for 4 h at room temperature. Then the reaction mixture 
was cooled in ice bath and cold water (4 mL) was added, followed after 15 min of 
stirring by concentrated aqueous ammonia (4 mL). The mixture was stirred at room 
temperature for another 30 min and solvents were removed in vacuo to give crude 
oil. The crude oil was subjected to silica gel chromatography (gradient from 0-8% 
methanol in chloroform) to afford (after evaporation) 1.14 g (yield 83%) of 
compound 187 as a yellowish foam; 
1
H NMR (DMSO-d6) : 12.06 (s, 1H, NH-1), 
11.66 (s, 1H, NH-CO), 7.95 (s, 1H, H-8), 4.90 (bs, 1H, 3’-OH), 4.22 (dd, Jgem = 14.4 




3.87 – 3.98 (m, 4H, P-O-CH2-CH3), 3.68 (m, 1H, H-2’), 3.62 (m, 1H, H-4’a), 3.39 – 
3.52 (m, 3H, H-3’, H-4’b), 2.78 (sept, JCH-CH3 = 6.9 Hz, 1H, CH-iPr), 1.85 – 1.94 (m, 
2H, H-5’), 1.18 (t, JCH3-CH2 = 7.1 Hz, 6H, P-O-CH2-CH3), 1.12 (d, JCH3-CH = 6.9 Hz, 
6H, CH3-iPr); 
13
C NMR (DMSO-d6) : 180.34 (C=O), 155.09 (C-6), 149.07 (C-4), 
147.98 (C-2), 140.67 (C-8), 119.96 (C-5), 78.53 (C-2’), 63.80 (C-4’), 61.26 (d, JC-O-P 
= 6.3 Hz, P-O-CH2-CH3), 61.20 (d, JC-O-P = 6.3 Hz, P-O-CH2-CH3), 60.81 (C-3’), 
44.48 (C-1’), 34.88 (CH-iPr), 26.32 (d, JC-P = 136.5 Hz, C-5’), 19.07 (CH3-iPr), 
16.38 (d, JC-C-O-P = 5.8 Hz, P-O-CH2-CH3), 16.37 (d, JC-C-O-P = 5.8 Hz, P-O-CH2-
CH3); MS-ESI
+
 m/z (%): 460 (25, M+H
+
), 482 (100, M+Na
+





: m/z calcd for C18H31O7N5P (M+H
+
) 460.1956, found 460.1954; FTIR 
(KBr, cm
-1
) : 3403, 3198, 1684, 1612, 1559, 1480, 1470, 1406, 1375, 1293, 1221, 
1197, 1120, 1051, 1027, 962, 783. [α]
20






Compound 187 (919 mg, 2 mmol) was treated by 
method M to give 1.45 g (yield 95%) of 
compound 188 as a white foam; 
1
H NMR (DMSO-d6) : 7.91 (s, 1H, H-8), 7.35 (m, 
2H, H-2’’), 7.29 (m, 2H, H-3’’), 7.18 – 7.24 (m, 5H, H-4’’, H-3’’’), 6.84 – 6.88 (m, 
4H, H-2’’’), 4.19 (dd, Jgem = 14.3 Hz, J1‘a-2‘ = 7.0 Hz, 1H, H-1’a), 4.15 (dd, Jgem = 
14.3 Hz, J1‘b-2‘ = 4.6 Hz, 1H, H-1‘b), 3.90 – 3.97 (m, 4H, P-O-CH2-CH3), 3.88 (m, 
1H, H-2’), 3.68 – 3.77 (m, 1H, H-4’a), 3.73 (s, 6H, O-CH3), 3.49 – 3.59 (m, 1H, H-
4’b), 3.04 (dd, Jgem = 10.3 Hz, J3‘a-2‘ = 3.8 Hz, 1H, H-3’a), 2.94 (dd, Jgem = 10.3 Hz, 
J3‘b-2‘ = 5.7 Hz, 1H, H-3’b), 2.77 (sept, JCH-CH3 = 6.9 Hz, 1H, CH-iPr), 1.91 – 1.99 
(m, 2H, H-5’), 1.17 (t, JCH3-CH2 = 7.0 Hz, 3H, P-O-CH2-CH3), 1.16 (t, JCH3-CH2 = 7.0 
Hz, 3H, P-O-CH2-CH3), 1.11 (d, JCH3-CH = 6.9 Hz, 6H, CH3-iPr); 
13
C NMR (DMSO-
d6) : 180.32 (C=O), 158.27 (C-4’’’), 155.05 (C-6), 148.98 (C-4), 147.90 (C-2), 
144.83 (C-1’’), 140.39 (C-8), 135.46 (C-1’’’), 135.45 (C-1’’’), 129.85 (C-2’’’), 
129.84 (C-2’’’), 129.02 (C-3’’), 128.80 (C-2’’), 126.89 (C-4’’), 119.92 (C-5), 113.32 
(C-3’’’), 113.31 (C-3’’’), 85.82 (C-6’), 77.10 (C-2’), 64.41 (C-4’), 63.59 (C-3’), 
61.24 (d, JC-O-P = 6.1 Hz, P-O-CH2-CH3), 61.23 (d, JC-O-P = 6.1 Hz, P-O-CH2-CH3), 




(CH3-iPr), 19.06 (CH3-iPr), 16.39 (d, JC-C-O-P = 5.8 Hz, P-O-CH2-CH3), 16.38 (d, JC-
C-O-P = 5.8 Hz, P-O-CH2-CH3); MS-ESI
+
 m/z (%): 762 (15, M+H
+
), 784 (100, 
M+Na
+




: m/z calcd for C39H48O9N5NaP (M+Na
+
) 
784.3082, found 784.3077. [α]
20





phosphonic acid [bis(triethylammonium) salt] 
(189) 
Compound 188 (1.22 g, 1.6 mmol) was treated by 
method N to give 1.06 g (as a salt) (yield 73%) of compound 189 as a white solid; 
1
H NMR (DMSO-d6) : 12.06 (bs, 1H, NH), 7.64 (s, 1H, H-8), 7.36 (m, 2H, H-2’’), 
7.28 (m, 2H, H-3’’), 7.19 – 7-23 (m, 4H, H-2’’’), 7.19 (m, 1H, H-4’’), 6.82 – 6.86 
(m, 4H, H-3’’’), 4.23 (dm, Jgem = 14.6 Hz, 1H, H-1’a), 4.16 (bdd, Jgem = 14.6 Hz, J1‘b-
2‘ = 4.8 Hz, 1H, H-1‘b), 3.87 (m, 1H, H-4’a), 3.76 (pent, J2’-1’a = J2’-1’b = J2’-3’a = J2’-3’b 
= 5.2 Hz, 1H, H-2’), 3.71 (s, 6H, O-CH3), 3.70 (m, 1H, H-4’a), 3.03 (q, JCH2-CH3 = 
7.3 Hz, 12H, CH2-Et3N), 2.80 – 3.01 (m, 3H, CH-iPr, H-3’), 1.47 – 1.77 (m, 2H, H-
5’), 1.16 (t, JCH3-CH2 = 7.3 Hz, 18H, CH3-Et3N), 1.09 (d, JCH3-CH = 6.8 Hz, 3H, CH3-
iPr), 1.08 (d, JCH3-CH = 6.8 Hz, 3H, CH3-iPr); 
13
C NMR (DMSO-d6) : 180.84 (C=O), 
158.26 (C-4’’’), 158.25 (C-4’’’), 155.11 (C-6), 149.35 (C-4), 148.06 (C-2), 144.89 
(C-1’’), 140.07 (C-8), 135.61 (C-1’’’), 135.50 (C-1’’’), 129.78 (C-2’’’), 129.76 (C-
2’’’), 128.04 (C-3’’), 127.76 (C-2’’), 126.87 (C-4’’), 119.78 (C-5), 113.36 (C-3’’’), 
113.34 (C-3’’’), 85.82 (C-6’), 75.62 (C-2’), 65.70 (C-4’), 63.26 (C-3’), 55.19 (O-
CH3), 45.66 (CH2-Et3N), 43.48 (C-1’), 34.56 (CH-iPr), 30.51 (d, JC-P = 128.5 Hz, C-
5’), 19.26 (CH3-iPr), 19.01 (CH3-iPr), 8.85 (CH3-Et3N); MS-ESI
-
 m/z (%): 704 (100, 
M-H
+




: m/z calcd for C35H39O9N5P (M-H
+
) 
704.2491, found 704.2493. [α]
20














(triethylammonium salt) (191) 
Compound 189 (908 mg, 1 mmol) was 
treated by method O to give 444 mg (as a 
salt) (yield 47%) of compound 191 as a white 
solid; 
1
H NMR (DMSO-d6) : 12.70 (bs, 1H, NH), 12.06 (bs, 1H, NH), 8.15 (d, J6py-
5py = 7.2 Hz, 1H, H-6py), 7.66 (s, 1H, H-8), 7.36 (m, 2H, H-2’’), 7.28 (m, 2H, H-3’’), 
7.17 – 7.23 (m, 5H, H-2’’’, H-4’’), 7.03 (d, J3py-5py = 3.6 Hz, 1H, H-3py), 6.97 (dd, 
J5py-6py = 7.2 Hz, J5py-3py = 3.6 Hz, 1H, H-5py), 6.81 – 6.83 (m, 4H, H-3’’’), 4.83 (d, 
JCH2-P = 8.0 Hz, 2H, CH2-py), 4.24 (dd, Jgem = 14.5 Hz, J1‘a-2‘ = 4.9 Hz, 1H, H-1’a), 
4.13 (dd, Jgem = 14.5 Hz, J1‘b-2‘ = 9.5 Hz, 1H, H-1‘b), 3.90 (m, 1H, H-4’a), 3.77 (s, 
3H, CH3-O-py), 3.67 – 3.79 (m, 2H, H-2’, H-4’b), 3.71 (s, 6H, O-CH3), 3.06 (q, 
JCH2-CH3 = 7.3 Hz, 6H, CH2-Et3N), 3.02 (m, 1H, H-3’a), 2.91 (sept, JCH-CH3 = 6.9 Hz, 
1H, CH-iPr), 2.87 (m, 1H, H-3’b), 1.76 (m, 1H, H-5’a), 1.60 (m, 1H, H-5’b), 1.18 (t, 
JCH3-CH2 = 7.3 Hz, 9H, CH3-Et3N), 1.08 (d, JCH3-CH = 6.9 Hz, 3H, CH3-iPr), 1.07 
(JCH3-CH = 6.9 Hz, 3H, CH3-iPr); 
13
C NMR (DMSO-d6) : 180.84 (C=O), 158.26 (C-
4’’’), 156.78 (C-4py), 155.13 (C-6), 150.49 (d, JC-P = 6.1 Hz, C-2py), 149.38 (C-4), 
148.05 (C-2), 144.90 (C-1’’), 140.30 (C-8), 139.64 (C-6py), 135.66 (C-1’’’), 135.53 
(C-1’’’), 129.75 (C-2’’’), 129.73 (C-2’’’), 128.03 (C-3’’), 127.76 (C-2’’), 126.87 (C-
4’’), 119.86 (C-5), 113.35 (C-3’’’), 113.32 (C-3’’’), 110.40 (C-5py), 108.66 (C-3py), 
85.87 (C-6’), 75.54 (C-2’), 65.33 (C-4’), 63.47 (C-3’), 60.33 (d, JC-P = 3.9 Hz, CH2-
O-P), 56.22 (py-O-CH3), 55.20 (O-CH3), 45.67 (CH2-Et3N), 43.51 (C-1’), 34.57 
(CH-iPr), 29.06 (d, JC-P = 129.2 Hz, C-5’), 19.21 (CH3-iPr), 19.02 (CH3-iPr), 8.71 
(CH3-Et3N); MS-ESI
-




: m/z calcd for 
C42H46O11N6P (M-H
+
) 841.2968, found 841.2968. [α]
20












Compound 135 (907 mg, 2 mmol) was treated by 
method M to give 1.32 g (yield 87%) of compound 
192 as a white foam; 
1
H NMR (DMSO-d6) : 11.21 
(bs, 1H, NH), 7.98 – 8.02 (m, 3H, H-2Bz, H-6), 7.62 
(m, 1H, H-4Bz), 7.51 (m, 2H, H-3Bz), 7.41 (m, 2H, H-2’’), 7.32 (m, 2H, H-3’’), 7.20 
– 7.29 (m, 6H, H-5, H-4’’, H-2’’’), 6.89 (m, 2H, H-3’’’), 4.07 (m, 1H, H-1’a), 3.88 – 
4.00 (m, 4H, P-O-CH2-CH3), 3.76 – 3.84 (m, 2H, H-1’b, H-2), 3.73 (s, 3H, O-CH3), 
3.72 (s, 3H, O-CH3), 3.71 (m, 1H, H-4’a), 3.48 (m, 1H, H-4’b), 3.13 (bdd, Jgem = 
10.2 Hz, J3‘a-2‘ = 3.7 Hz, 1H, H-3’a), 2.98 (bdd, Jgem = 10.2 Hz, J3‘b-2‘ = 4.8 Hz, 1H, 
H-3’b), 1.92 – 2.03 (m, 2H, H-5’), 1.17 (t, JCH3-CH2 = 7.1 Hz, 3H, P-O-CH2-CH3), 
1.16 (t, JCH3-CH2 = 7.1 Hz, 3H, P-O-CH2-CH3); 
13
C NMR (DMSO-d6) : 167.60 
(C=O), 163.26 (C-4), 158.30 (C-4’’’), 155.31 (C-2), 151.35 (C-6), 144.39 (C-1’’), 
135.60 (C-1’’’), 135.56 (C-1’’’), 133.42 (C-1Bz), 132.88 (C-4Bz), 129.88 (C-2’’’), 
128.64 (C-3Bz), 128.58 (C-2Bz), 128.07 (C-3’’), 127.81 (C-2’’), 126.89 (C-4’’), 
113.40 (C-3’’’), 95.64 (C-5), 85.80 (C-6’), 76.16 (C-2’), 64.61 (C-4’), 63.49 (C-3’), 
61.22 (d, JC-O-P = 6.1 Hz, P-O-CH2-CH3), 61.20 (d, JC-O-P = 6.1 Hz, P-O-CH2-CH3), 
55.19 (O-CH3), 51.30 (C-1’), 26.56 (d, JC-P = 136.2 Hz, C-5’), 16.40 (d, JC-C-O-P = 5.8 
Hz, P-O-CH2-CH3); MS-ESI
+
 m/z (%): 756 (5, M+H
+





: m/z calcd for C41H46O9N3NaP (M+Na
+
) 778.2864, found 778.2860. [α]
20
D = -




2-yl)oxy]ethyl}phosphonic acid [bis(triethyl- 
ammonium) salt] (193) 
Compound 192 (1.21 g, 1.6 mmol) was treated by 
method N to give 1.10 g (as a salt) (yield 76%) of title 
compound as a white solid; 
1
H NMR (DMSO-d6) : 




(m, 2H, H-3Bz), 7.40 (m, 2H, H-2’’), 7.30 (m, 2H, H-3’’), 7.26 (m, 4H, H-2’’’), 7.17 
– 7.24 (m, 2H, H-5, H-4’’), 6.88 (m, 4H, H-3’’’), 4.06 (m, 1H, H-1’a), 3.72 – 3.80 
(m, 2H, H-1’b, H-2’), 3.71 (s, 3H, O-CH3), 3.70 (s, 3H, O-CH3), 3.69 (m, 1H, H-
4’a), 3.47 (m, 1H, H-4’b), 3.08 (m, 1H, H-3’a), 2.96 (q, JCH2-CH3 = 7.3 Hz, 12H, CH2-
Et3N), 2.93 (m, 1H, H-3’b), 1.55 – 1.71 (m, 2H, H-5’), 1.13 (t, JCH3-CH2 = 7.3 Hz, 
18H, CH3-Et3N); 
13
C NMR (DMSO-d6) : 167-58 (C=O), 163.20 (C-4), 158.25 (C-
4’’’), 155.29 (C-2), 151.41 (C-6), 144.97 (C-1’’), 135.67 (C-1’’’), 135.61 (C-1’’’), 
133.44 (C-1Bz), 132.84 (C-4Bz), 129.83 (C-2’’’), 128.61 (C-3Bz), 128.58 (C-2Bz), 
128.06 (C-3’’), 127.80 (C-2’’), 126.84 (C-4’’), 113.40 (C-3’’’), 95.51 (C-5), 85.67 
(C-6’), 75.37 (C-2’), 67.04 (C-4’), 63.40 (C-3’), 55.18 (O-CH3), 51.60 (C-1’), 45.56 
(CH2-Et3N), 30.60 (m, C-5’), 9.00 (CH3-Et3N); MS-ESI
-





: m/z calcd for C37H37O9N3P (M-H
+
) 698.2273, found 698.2269. [α]
20
D = 






1-oxide (triethylammonium salt) (195) 
Compound 193 (902 mg, 1 mmol) was treated by 
method O to give 478 mg (as a salt) (yield 51%) 
of compound 195 as a white solid; 
1
H NMR 
(DMSO-d6) : 11.18 (vbs, 1H, NH), 10.39 (vbs, 
1H, Et3NH
+
), 8.12 (d, J6py-5py = 7.2 Hz, 1H, H-
6py), 8.02 (bd, J6-5 = 7.2 Hz, 1H, H-6), 8.00 (m, 2H, H-2Bz), 7.62 (m, 1H, H-4Bz), 
7.50 (m, 2H, H-3Bz), 7.40 (m, 2H, H-2’’), 7.30 (m, 2H, H-3’’), 7.20 – 7.29 (5H, H-5, 
H-2’’’), 7.20 (m, 1H, H-4’’), 7.03 (bd, J3py-5py = 3.6 Hz, 1H, H-3py), 6.93 (bdd, J5py-
6py = 7.2 Hz, J5py-3py = 3.6 Hz, 1H, H-5py), 6.85 – 6.90 (m, 4H, H-3’’’), 4.81 (d, JCH2-P 
= 8.3 Hz, 2H, CH2-py), 4.06 (dd, Jgem = 12.5 Hz, J1’a-2‘ = 3.4 Hz, 1H, H-1’a), 3.68 – 
3.82 (m, 3H, H-1’b, H-2’, H-4’a), 3.74 (s, 3H, CH3-O-py), 3.71 (s, 6H, O-CH3), 3.49 
(m, 1H, H-4’b), 3.09 (dd, Jgem = 10.1 Hz, J3’a-2‘ = 3.8 Hz, 1H, H-3’a), 3.01 (q, JCH2-
CH3 = 7.3 Hz, 6H, CH2-Et3N), 2.95 (dd, Jgem = 10.1 Hz, J3’b-2‘ = 4.6 Hz, 1H, H-3’b), 
1.64 – 1.77 (m, 2H, H-5’), 1.14 (t, JCH3-CH2 = 7.3 Hz, 9H, CH3-Et3N); 
13
C NMR 




(C-2), 151.50 (C-6), 150.46 (d, JC-P = 5.8 Hz, C-2py), 144.98 (C-1’’), 139.60 (C-
6py), 135.71 (C-1’’’), 135.65 (C-1’’’), 133.43 (C-1Bz), 132.83 (C-4Bz), 129.82 (C-
2’’’), 128.61 (C-3Bz), 128.58 (C-2Bz), 128.04 (C-3’’), 127.82 (C-2’’), 126.86 (C-
4’’), 113.38 (C-3’’’), 110.51 (C-5py), 108.63 (C-3py), 95.51 (C-5), 85.69 (C-6’), 
75.59 (C-2’), 67.13 (C-4’), 63.64 (C-3’), 60.35 (d, JC-P = 4.0 Hz, CH2-py), 56.18 
(CH3-O-py), 55.18 (O-CH3), 51.64 (C-1’), 45.47 (CH2-Et3N), 29.52 (d, JC-P = 129.8 
Hz, C-5’), 8.63 (CH3-Et3N); MS-ESI
-





calcd for C44H44O11N4P (M-H
+
) 835.2745, found 835.2747. [α]
20
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